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The experiments here reported were undertaken systematically to 
determine the cytologic and gross changes produced by hepatic vessel 
ligation at various levels, singly and in combination, in the liver of the 
rat. It was hoped that for use in subsequent studies, new and abnormal 
cell populations could be produced in some lobes of livers having a 
normal structure in the other nonoperated lobes. Although the litera- 
ture on hepatic duct and blood vessel ligation is large, beginning after 
the middle of the r9th century, no systematic and comprehensive cellular 
comparison in the rat of the type here projected on all 3 vessels and 
combinations thereof was found. Experimental vessel ligation has been 
used to study liver regeneration, atrophy, cirrhosis, functions, reserve 
capacity, chemical composition, and obstructions and other surgical pro- 
cedures themselves. 

The literature records sizeable species differences in reaction to the 
occlusions of various types. Bile drainage is not equally important in 
all species. Even more striking are the comparative effects of obstruc- 
tions in the blood vessels. All species have a dual hepatic afferent blood 
supply, but the relative importance of these systems varies greatly from 
one species to another because of relative differences in the blood volume 
carried, its degree of oxygen saturation, and the type and amount of 
collateral blood supply present or soon available on demand. Man, 
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monkey, dog, cat, rabbit, guinea pig, rat, and pig have been studied after 
bile or blood vessel occlusion at one or more points, but none by all 
methods, including the comparative histologic details. 

Much of the recent interest arose from the possibility of vessel liga- 
tion in the treatment of cirrhosis, tumors and other diseases. It is not 
possible here to review the large number of publications, but reference 
to some of the pertinent papers will be made at the appropriate points. 
The interested reader is referred to the recent papers by Andrews,’ 
Cameron and Prasad,? Child,* McMichael,* Pittera and Brondi,* 
Ranstrém,*® Schalm, Bax and Mansens,’ Stroun, Scherer and Constan- 
tin,* and Weinbren,’ all having numerous references. 

The most drastic procedures are those involving closure of the main 
vessels to the liver. By ligating the branch vessels to a part of the 
liver, the life of the animal can sometimes be spared, and the effects of 
the obstruction itself can be observed as dissociated from those of liver 
failure. The large reserve capacity, or factor of safety, permits the re- 
moval or elimination by vessel occlusion of up to 75 or 80 per cent of 
the liver in many species, with survival. In the rat, the deep lobulation 
allows fairly easy vessel ligation to about 65 or 70 per cent of the organ. 

The rat was chosen for convenience and economy, and because it was 
to be used also for subsequent studies. Besides the occlusions of single 
vessels, 3 sets of experiments, each using a different combination of two 
vessels, were performed to study any summation of effects. Serial ob- 
servations were made on the nonoccluded lobes as well as those ob- 
structed. 


MATERIAL AND METHODS 


Sherman strain rats (112) of both sexes were used in 9 groups of experiments and 1 
of controls. Most of them were about 8 weeks old at the beginning of the experiments, 
when they weighed between 225 and 300 gm.; a few were about 16 weeks old and be- 
tween 325 and 475 gm. They were maintained in an air-conditioned room at about 
75° F., and fed a rat diet (Rockland, complete) and water at all times. They were 
gaining weight. The young rats had very little depot fat; the larger ones had much 
fat. It is emphasized that they were on full diet at the time of operation and im- 
mediately thereafter. The operations were performed under intraperitoneal pento- 
barbital sodium anesthesia, 35 mg. per kg. of body weight. The procedures were under 
clean but not aseptic conditions. 

The liver of rats is composed of 4 lobes according to the nomenclature here used. 
They are a left lobe comprising about 40 per cent, a median lobe (about 30 per cent), 
and right and caudal lobes (the latter having 2 omental processes) that together form 
ule remaining 30 per cent of the organ. The portal vein in the hepatic hilus is situated 
posteriorly, as viewed from the ventral side. The common bile duct is anterior to 
the portal vein. The main hepatic artery is almost constantly to the left of the portal 
vein and common duct. However, the artery is sometimes located on the right of the 
pedicle. The portal vein and bile ducts are anatomically uniform in the rat, but 
anomalies are common in the hepatic artery. These 3 channels branch outside the 
liver. The smallest branches supply the right and caudal lobes, and a larger branch 
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supplies the median and left lobes, dividing for this purpose just before entering them. 

After surgical preparation, a midline incision from the xyphoid process to the 
lower abdomen permitted exposure of the portal area by retraction downward of the 
intestine and upward of the liver. The appropriate vessels were identified, exposed, 
and doubly ligated with fine nylon thread. The abdomen was closed in 3 layers—the 
peritoneum, fascia (both with nylon), and the skin (with cotton thread). Crystalline 
penicillin G sodium was immediately administered intraperitoneally; 100,000 units 
were given once. 

Rats were serially sacrificed according to a schedule given in Table I, which in 
most experiments was as follows: 0, 1, 2, 3, 4, 5, 7 and 10 days, and 2, 3, 4, 6, 8 
and from 10 to 12 weeks. Except for the rats dying on the day of operation, they 
were given chloroform and necropsied. The operative site, liver and portal system 
were examined. The different hepatic lobes were weighed after exsanguination, and 
pieces were always fixed in neutral formol-saline and sometimes also in formol- 
alcohol for microscopic sections. These included hematoxylin and eosin stains, 
Wilder’s silver reaction for reticulum, the McManus periodic acid-Schiff (PAS) re- 
actions both with and without diastase, and scarlet red stains for fat. Liver weights 
are expressed in Table I as a percentage of total body weight. 

Ten groups of rats were used with the following procedures: 

1. Ligation of the main portal vein: 4 rats. 

2. Ligation of the portal vein branch to the median and left lobes: 14 rats. This 
vein, which was anatomically constant, was ligated above the branches leading to 
the right and caudal lobes. 

3. Ligation of the main hepatic artery at a point between the gastroduodenal 
branch and the liver: 10 rats. 

4. Ligation of the hepatic artery branch to the median and left lobes above the 
branch to the right lobe: 13 rats. When separate arteries supplied the left and 
median lobes, each was ligated. 

5. Ligation of the common bile duct half way between the duodenum and the first 
tributary from the right lobe: ro rats. 

6. Ligation of the hepatic duct from the median and left lobes: 12 rats. This duct 
was ligated between the right lobe branch and the hilus of the median and left lobes. 

7. Ligation of the branches of the portal vein and the hepatic artery to the median 
and left lobes: 9 rats. The sites were the same as in groups 2 and 4. Each vessel was 
separately ligated. 

8. Ligations of the portal vein to and the hepatic duct tributaries from the median 
and left lobes: 15 rats. Sites were as in groups 2 and 6. Each vessel was ligated 
separately. 

g. Ligations of the branches of the hepatic artery to and the hepatic duct from 
the median and left lobes: 13 rats. Sites were as in groups 4 and 6. 

10. Normal unoperated controls: 12 rats. These animals were killed and examined 
at various times during the 3-month experimental period. They were maintained 
under identical conditions as the operated groups and were from the same lots of 
animals. 


RESULTS 
Group 1. Ligation of the Main Portal Vein 


Immediately after the ligations, the liver in the 4 rats became darker, 
the spleen enlarged, and the veins throughout the portal system appeared 
engorged. The rats developed slow, shallow respiration and quickly be- 
came cold. The appearance was that of shock. They were placed in an 
incubator at 37° C., and 2 of them were given glucose solution intra- 
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peritoneally, 5 gm. per kg. of body weight, but they did not recover from 
the anesthetic. All 4 died between 114 and 3 hours after the ligation. 

Gross Features. The principal changes were in the portal system, 
spleen and liver. The other viscera and the skeletal muscles appeared 
pale and bloodless. The livers were reduced in size in 3 rats. As a per- 
centage of body weight, liver weight in the 4 rats was, respectively, 2.6, 
2.8, 3, and 4.3 per cent. The average was 3.2 per cent, which is less than 
the average for the 12 normal controls (3.8 per cent). The spleen was 
dark and enlarged nearly twice. 

The veins of the portal system were dark and enlarged, and the 
corresponding tissues were hyperemic, cyanotic, and focally hemor- 
rhagic. The mesenteric lymph nodes were hemorrhagic, and the small 
intestine contained dark bloody fluid and mucus, and its mucosa was 
also hemorrhagic. Hyperemia extended from the stomach to the center 
of the transverse colon and beyond. The demarcation was sharp at both 
ends; hemorrhage was restricted to the small intestine. 

Microscopic Observations. The microscopic appearance confirmed the 
gross findings. By 3 hours hemorrhagic necrosis was present in the 
mucosa of the small intestine. The spleen was intensely hyperemic. The 
liver appeared relatively bloodless; the 3 small livers were depleted of 
glycogen. Fatty and other degenerative changes were not apparent. 

Comment. The rats all died quickly after portal vein ligation from 
splanchnic congestion and hemorrhage. This vessel must therefore be 
important as a drain for splanchnic blood, and the portal blood flow 
through the liver must be important in this species. These interpreta- 
tions are in accordance with the large daily food intake, the large daily 
body weight gain, the unusually high liver-to-body-weight ratio,’ and 
the large size of the portal veins relative to the other structures in the 
portal tracts. 

Sudden portal vein closure in rats was reported to be fatal in 2 to 
6 hours by Loeffler,*4 who gave no detailed description of the histologic 
changes. In the dog, it has been known since the experiments of Oré in 
1856 that death follows this operation within a few hours. This effect 
has been confirmed by Elman and Cole,'* Solowieff,'* and others for this 
species. However, if the occlusion is made slowly by steps, dogs may 
survive a later complete ligation.‘** The rabbit tolerates portal vein 
ligation better than the dog or rat. In Ranstrém’s experiments,® 13 rab- 
bits survived an average of 11 days and had some degree of liver atrophy. 
Monkeys also had no ill effects from this procedure in the experience of 
Child, Milne, Holswade and Gore," and liver biopsy up to one year after 
operation showed normal structure. Man seems to be intermediate in his 
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reaction to sudden occlusion,® but he may tolerate gradual closure,'**° 


such as in portal obstruction by thrombus or neoplasm. 


Group 2. Ligation of the Portal Vein Branch to the 
Median and Left Lobes 


When the vein was ligated, the two named lobes, comprising about 65 
per cent of the liver, immediately darkened. The rats recovered from 
their anesthetic in 2 to 5 hours, which was slower than in most other 
groups. They also exhibited shock, like that described with main portal 
vein ligation (group 1), except that it was less severe. Three rats had 
to be resuscitated in the incubator. The rats appeared ill for about 3 days, 
and 1 for 10 days, after which they looked normal and gained weight 
after the second week. One rat died after 1 hour and another at 1 day. 
Thus the mortality was 2 of 14 rats. 

Gross Features. On serial sacrifice, the weights of the livers remained 
approximately normal throughout the experiment (Table I). How- 
ever, a great disproportion between the ligated and nonligated lobes ap- 
peared on the second day and progressed rapidly until the fourth day 
and slowly thereafter. The ligated lobes promptly underwent a great 
atrophy so that by the seventh day they had lost about 85 per cent of 
their original weight (Fig. 1). At the same time the nonligated lobes 
underwent a great hypertrophy. As a consequence of these two processes, 
atrophy and compensatory hypertrophy, going on simultaneously, the 
organ maintained its original weight. After the seventh day, only a slight 
further weight change occurred in the two parts of the liver (Table I). 

Grossly at 1 day the lobes not ligated appeared normal, whereas the 
ligated lobes had a dark red margin and were mottled by dark red and 
pale yellow areas. On the following days the ligated lobes were darkened, 
but the nonligated lobes were abnormally pale. On the fourth day the 
ligated lobes were appreciably reduced in size, contained tiny pale 
necrotic foci, and the lobules were smaller than normal. The nonligated 
lobes were now enlarged, as were their lobules. From the fifth day on, 
the lobes not ligated were progressively enlarged and their lobules were 
about twice the normal size. The ligated lobes continued to become 
smaller (Table I), and their lobules became indiscernible. Eventually 
the ligated lobes were reduced to tiny brownish-red remnants, miniature 
lobes comprising only about 10 per cent of the liver weight instead of 

the normal 65 or 70 per cent. The rat sacrificed at 10 days had a 7 mm. 
marginal pale infarct, and the animal necropsied at 4 weeks had lobar in- 
farction with some central liquefaction. About half the rats of this group 
had adhesions around the operative site, this having been a difficult 
operation. 
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Microscopic Observations. The nonligated lobes of the rats that died 

at 1 hour and 1 day had an excess of blood in the sinusoids. At 2 days 
mitotic figures were excessive, the cytoplasm of hepatocytes had many 
small vacuoles but little fat, and the liver cords appeared even more dis- 
organized than usual in the rat (Fig. 2). Irregular cords persisted for 
several weeks. By the fourth day the lobules were enlarged (Fig. 3) 
and were probably increased in number. During the first week the num- 
ber of silver-positive fibrils appeared to be reduced. Through the re- 
mainder of the period of observation the lobules in the big nonligated 
lobes appeared enlarged, increased in numbers, and less clearly organized 
than normal (Fig. 4). The stromal component remained low if not re- 
duced below normal. Giant cells having one, two, or more nuclei, some 
of them in abnormal mitosis, and an eosinophilic cytoplasm, were found 
within cords or in sinusoids (Fig. 5). 

In the ligated lobes, the sinusoids were hyperemic at 1 hour and 1 day. 
At this time a small amount of fat was visible in the periportal areas, 
and beneath the capsule were several tiny foci of incomplete coagulation 
necrosis. By the second day many areas of necrosis ranged in size from 
tiny focal areas (Fig. 6) to 10 lobules in diameter, the latter resembling 
infarcts (Fig. 7). They were of 2 types: the large areas of necrosis and 
some of the smaller ones were coagulative in type (Fig. 7); the smaller 
ones were usually of the liquefactive type (Fig. 6). Some necroses were 
of both types, and the areas of coagulation necrosis usually had a rim 
of the liquefactive type. The liquefaction necrosis was always heavily 
infiltrated by macrophages, and stromal nuclei sometimes persisted in 
either type. In location the necrosis was scattered through all parts of 
the lobes and lobules, although the liquefactive type tended to be 
centrilobular or juxta-central (Fig. 6). There was a great tendency for 
survival of a rim of cells around the portal tracts (Fig. 7). 

Except for large encapsulated infarcts involving most of the 2 ligated 
lobes, found at 10 days and 4 weeks, necrosis was never again as con- 
spicuous as at the second day because resorption began soon. The chief 
lesions at the fourth, fifth and seventh days were areas of resorbing 
necrosis undergoing collapse.These involved nearly every central region 
in some places, and often extended in linear fashion from one central 
area to others (Fig. 8). Because of this loss of liver substance, the 
lobules were now reduced in size. These areas sometimes contained ex- 
cessive numbers of red cells, but the necrosis would hardly be designated 
as hemorrhagic. Focal collapse was evident from the condensation of the 
sinusoidal silver-positive fibrils (Fig. 9). 

The lobules were rapidly reduced in size. By the fourth day they were 
half the usual diameter. By the end of the first week they were about one 
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fourth the normal diameter, and this miniature size was retained to 
the end of the experiment at 12 weeks. Except for the large infarcts in 2 
rats, no scars remained. 

The central and hepatic veins, which had remained normal until the 
lobules began to shrink at about the fourth day, then became smaller. 
At the same time their walls thickened proportionally. Silver stains 
showed an accumulation of fibers having a serrated arrangement in the 
vein wall—apparently a shrinkage phenomenon (Figs. 10 and 11). The 
portal veins and bile ducts in the portal tracts were also greatly reduced 
in size from the fourth day on (Fig. 12). The portal tracts were increased 
per unit area because of the loss of hepatocytes. Thus by 3 weeks the 
portal vein was clearly reduced in size, its wall had become thickened and 
strongly eosinophilic, and its nuclei were usually pyknotic. By 6 and 12 
weeks, hepatic arteries of all sizes were enlarged (Fig. 12). The lumen 
was sometimes as large as that of the portal vein in the same triad, al- 
though the wall was thinner. The portal tracts were, at most, only slightly 
enlarged, but by 12 weeks the large ones contained small areas of hyalin 
and some seemed to have lost fibrous tissue. 

Inflammatory cells were at no time conspicuous, except for macro- 
phages; fibroblasts were absent or few except in the capsule of infarcts 
(Fig. 13). The Kupffer cells were increased diffusely as well as in the 
areas of necrosis. The sinusoidal reticulum fibers were greatly increased 
in the atrophic lobules, apparently in proportion to the amount of tissue 
shrinkage. These fibers were wavy and thickened (Fig. 11). 

Glycogen content, except for reduction during the first few days when 
the rats lost weight, appeared relatively unchanged; the atrophic lobules 
contained large amounts. Fat was never abundant and when present, it 
was principally at the margins of areas of necrosis. At the third, fourth, 
and fifth weeks, large macrophages containing brown pigment and stain- 
able lipid were present singly and in groups in some areas of previous 
necrosis. 

From the second week the microscopic appearance was that of tiny 
lobes composed of miniature lobules (Figs. 14). Silver stain (Fig. 14) 
illustrated the excessive numbers of contracted portal areas per unit 
area. The small lobules had an abnormal number of silver-positive fibrils. 
There was an essential similarity in the cellular composition of the 
greatly hypertrophic and the miniature atrophic lobes of the same rat 
(Fig. 15). 

Comment. The remarkable feature of this experiment was the rapid 
and simultaneous lobar and lobular hypertrophy and atrophy so that by 
a balance of the two processes the original weight of the liver was main- 
tained. Both were well along by the fourth day (96 hours) and virtually 
completed by the end of the first week, although the accompanying 
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histologic readjustments continued until the twelfth week. The lobular 
hypertrophy took place by mitotic division in hepatocytes, and there 
was no evidence that cells of any other type participated. The bile duct 
cells must have multiplied slightly to keep pace in providing the neces- 
sary elongated if not new bile ducts, but mitotic figures were not seen. 
Neither were mitotic figures seen in the connective tissue of the elongat- 
ing portal tracts. The lobules were observed to be enlarged both grossly 
and microscopically. It is said that they are also increased in number,”* 
and from the great size of the enlarged lobes, one is inclined to accept 
that statement. The hyperplasia of liver cells resulting in hypertrophy 
of lobules and, perhaps, also in hyperplasia of lobules in the nonligated 
lobes resembled that described after partial hepatectomy and sometimes 
called regeneration. The unusual speed with which it occurred in our ex- 
periments is attributed to the full feeding of our rats both before and 
after operation. 

The rapid reduction in size of the lobes deprived of portal vein blood 
was due in part to the loss of hepatocytes by coagulative and lique- 
factive necrosis. The stromal elements persisted everywhere except in 
the actual infarcts, and the lobules shrank. The final distribution of the 
silver-positive fibers of the sinusoids was rather uniform throughout 
the miniature lobule, with only a negligible amount of extra condensation 
around the central veins and the portal tracts. Since the visible necrosis 
was greatest in the pericentral regions and not enough in quantity to 
explain the eventual small size of every lobule, there must have been 
loss, throughout the cords, of hepatocytes of a single-cell, rapidly lique- 
factive type which escaped observation. Many hepatocytes, single and in 
groups, with intensely eosinophilic cytoplasm and sometimes having 
pyknotic nuclei, were seen (Fig. 16), but similar cells were also found in 
the other groups in which the lobe weights remained unchanged, and in 
the unoperated controls. While it is possible that these forms represented 
cells on the way to disappearance, this interpretation is not final, and a 
full explanation of the symmetrical and great shrinking of the lobules 
must await studies of greater precision. 

It is possible that central vein contraction contributed to the lobar 
atrophy. The veins draining the efferent blood in the rat receive sinus- 
oidal twigs at all levels (Fig. 10). When the vein wall is greatly thick- 
ened from contraction (Fig. 11), the entrance of many sinusoids must be 
blocked or impaired. In this way the drainage even of hepatic artery 
blood must be impaired, and this may account for the hypertrophy of the 
hepatic arteries of the type illustrated in Figure 12. There was no evi- 
dence that any increase in hepatic artery blood produced regeneration of 
liver tissue. 
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The shrinkage of lobules appeared complete by the end of the first 
week, according to the weights of these lobes, and the cytologic and histo- 
logic readjustments of parenchymal, stromal, vascular and biliary ele- 
ments seemed to be static at the twelfth week. The final pattern was that 
of miniature liver lobes composed of miniature lobules and small vessels. 
All elements were reduced except the connective tissues, and at 12 weeks 
there was even a strong suggestion that these had been reduced in the 
portal tracts. Such liver cells as remained appeared normal but reduced 
in size, and there were no cells of abnormal types. The lobes lost from 
80 to go per cent of their weight; the percentage loss in hepatocytes 
would be even greater. 

In the rat, rapid atrophy without necrosis of lobes, the portal vein 
branch of which had been ligated, was described by Loeffler,’ and irre- 
versible atrophy was mentioned by Kraus and Beltran.”* Neither group 
made histologic studies at short time intervals. In the dog, atrophy of 
the ligated lobes and compensatory hypertrophy of the nonligated lobes 
was reported by Rous and Larimore”* and by DeWeese and Lewis.’® 
Similar results were recorded in the rabbit by Rous and Larimore ** and 
by Schalm and co-workers,’ but Milne** reported central lobular ne- 
crosis in the ligated lobes. Milne observed similar changes in the cat, 
as did Ehrhardt * and McMichael.* Other species have apparently not 
been investigated. It is noteworthy that in all the reports dealing with 
the dog, rabbit and cat, the atrophy and compensatory hypertrophy are 
described as occurring slowly over a period of 2 or 3 months. In no 
species has the extremely rapid atrophy been described which we have 
here reported in rats within the first week. 


Group 3. Ligation of the Main Hepatic Artery 


This operation was well tolerated by the rats. Recovery from the 
anesthetic was slightly delayed compared with some of the other proce- 
dures, but the animals appeared healthy thereafter and they gained 
weight. One rat in 10 died 1% hours after ligation without having re- 
gained consciousness. Its liver was dark and enlarged, but the other 
necropsy findings were normal; the presumptive cause of death was ex- 
cess anesthetic. 

Gross Features. On serial sacrifice, the abdominal structures and 
other organs appeared normal except for a few adhesions. During the 
first week the liver appeared normal, and it showed no change in weight 
(Table I). From the first to the third weeks, the lobules in some areas 
appeared conspicuous, enlarged and paler than normal. The rat sacri- 
ficed at 6 weeks had lost weight. It had 5 encapsulated caseous abscesses 
ranging from 4 to 15 mm. Two were located in the subcutaneous tissues 


4 

= 

q 


Sept. 1961 RAT LIVER 267 


at the incision site, 2 in the peritoneal cavity between the stomach, 
spleen and colon, and 1 within the left lobe of the liver. They were pre- 
sumed to be the result of operative infections. 

Microscopic Observations. The hepatic enlargement (by weight) at 
1% hours appeared to be caused by an excess of blood in the sinusoids. 
The liver glycogen was depleted on the second day, partly restored on 
the third day, and normal thereafter. Small droplet fat was found in a 
few scattered periportal cells on the second and third days. On the sec- 
ond day many periportal cells had cytoplasmic vacuoles which con- 
tained neither fat nor glycogen. On the third day scattered hepatocytes 
with intensely eosinophilic cytoplasm and pyknotic nuclei were found 
within the liver cords or free in the sinusoids of the central half of the 
lobules. By the fifth day the livers were normal and so remained ex- 
cept for the animal sacrificed at 6 weeks, which had the encapsulated 
abscesses primarily attributed to infection introduced by the operation. 

Comment. Following this operative procedure there was a transient 
hepatic congestion, after which the centrilobular hepatocytes showed 
mild degenerative changes from which the liver quickly recovered. 

Rats with ligations of this type were reported by Loeffler’* to be 
healthy at 4 weeks. They had fatty changes only in the first days. Hug- 
gins and Post ** reported that their rats developed massive necrosis and 
most of them died within a few days, but their ligations were near the 
celiac axis. In other species the effects as reported were extremely vari- 
able. In man, sudden hepatic artery ligation was fatal in 15 of 28 cases 
collected by Graham and Cannell.” Many had areas of necrosis, as was 
reported later also by Brunschwig and Clark.”* Child * pointed out that 
the mortality was high if the occlusion was near the liver but low if the 
ligation was near the celiac axis, in which case collaterals could enter 
the picture. It has also been claimed that cirrhotic individuals tolerate 
hepatic artery occlusion better than do normal persons.”**° This has 
been attributed to the enlarged capillary anastomoses known to develop 
between the arterial and portal venous systems within the cirrhotic 
liver.*' The monkey developed areas of infarction but survived even 
though the gallbladder became necrotic.* Guinea pigs,** cats,*>** and 
rabbits ®*1,1°52-86 developed multiple areas of necrosis and the mortality 
was high. In Ranstrém’s experience,® the mortality varied between 10 
and 80 per cent. Mock *® found that some rabbits were saved by anti- 
biotic therapy which counteracted the gas bacillus infection that some- 
times developed. In dogs the reported effects were extremely variable, 
apparently depending on the site and thoroughness of ligation and on 
whether the liver was silently infected with bacteria of the clostridium 
type. Thus, some **-**-°**° reported no mortality whereas others had a 
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high mortality.*°** The high mortality in dogs could be prevented by 
the administration of antibiotic agents.***> Huggins and Post ** had 100 
per cent mortality after ligation of the main hepatic artery, right gastric 
and gastroduodenal branches. If an interval of 1 to 4 weeks separated 
these ligations, the dogs survived, leading the authors to conclude that 
arterial blood was not essential to the liver in this species. 

Anatomically, the hepatic arteries, as seen microscopically in the 
portal tracts of various sizes in rats (and in mice), are extremely small, 
relative to the other structures in the tracts, as compared with the rela- 
tions of these structures in larger animals and man. Survival of rats 
after ligation of the hepatic artery but death from portal vein obstruc- 
tion, as in group 1, may be correlated with these anatomic features. In 
our rats the hepatic artery was not essential for life, and it seemed to 
be relatively unimportant for maintaining cytologic integrity. 


Group 4. Ligation of the Hepatic Artery Branch to the 
Median and Left Lobes 


These rats also recovered quickly from the operation. At 24 hours 
they appeared well and gained weight. There was no operative mortality. 

Gross Features. A slight increase in total liver weight during the first 
4 days was followed by a decrease during the second and third weeks 
because of a slight reduction in size of the ligated lobes. Color or other 
changes were absent or slight at all times except for an infarct involving 
one third of the ligated middle lobe at 4 weeks. 

Microscopic Observations. No vascular lesions were observed, and 
parenchymal changes were absent or minimal. There was no fatty change 
and no glycogen depletion. Small marginal areas of necrosis on the con- 
cave surfaces at the second, third and fourth days might have been due 
to the trauma of retraction at operation; a similar lesion was seen in 
one nonligated lobe on the fifth day. The rat sacrificed at 4 weeks showed 
a large encapsulated infarct of old coagulation necrosis corresponding 
to the gross observation. 

Comment. The changes resulting from this procedure were slight or 
absent. On the whole, they were even milder than those produced by liga- 
tion of the main hepatic artery. The infarct at 4 weeks might have been 
due to accidental injury of the portal vein branch to this lobe. Why the 
occlusion of lobar arteries should be less harmful to the lobes supplied 
than total arterial occlusion is not clear. A probable explanation is the 
slightly better condition of the rats immediately after operation. 

Following a similar operation in rats, Loeffler *? reported no ill effects. 
In dogs lobar hepatic artery ligation was harmless, according to 
Haberer,** Putzu,** and Mallet-Guy, Girard and Frieh.** In rabbits it led 
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to lobar necrosis which was fatal in some. McMichael* agreed with 
Cameron and Mayes * that this procedure produced hepatic necroses 
in rabbits, but Milne ** found no such lesions. In the cat, arterial branch 
occlusion was reported to be harmless by Haberer ** and by Milne,”* but 
McMichael * reported central lobular degeneration from this procedure. 
In man the affected lobe undergoes severe atrophy.*’ On the whole, in 
each species the effects of lobar branch artery ligation resemble those 
of main hepatic artery occlusion except that they are milder. The rat 
appears to be least affected, and his hepatic artery, as seen in the por- 
tal tracts, is smaller in proportion to the portal vein than in the other 
species. 


Group 5. Ligation of the Common Bile Duct 


The immediate clinical effects of this operation were negligible. The 
rats all survived, and they appeared well until they became jaundiced 
at 48 hours. The jaundice persisted until the sixth week; the rats failed 
to gain weight during this period but resumed growth thereafter. No rat 
died, but the one sacrificed at 2 weeks appeared sick. 

Gross Features. The extrahepatic bile ducts above the point of liga- 
tion were dilated by thin yellowish fluid at 24 hours. The dilation in- 
creased during the first week, at which time the common duct was 1.5 cm. 
in diameter. Thereafter the dilatation gradually lessened so that at 8 
weeks the duct was only twice normal size. The fluid became sticky and 
nearly clear after several weeks. Much similar fluid escaped from the 
intrahepatic bile ducts when they were cut. The tissues were jaundiced 
from 48 hours through the fourth week, and the intestinal contents were 
acholic. The livers were moderately increased in weight (Table I) so 
that they comprised from 4 to over 5 per cent of body weight. The rat 
sacrificed at 2 days showed about 20 small areas of necrosis, varying 
from 1 to 2 mm., principally in the median lobe. The rat killed at 3 days 
exhibited half a dozen similar foci, all in the median lobe. The livers 
thereafter showed no gross necrosis. Although jaundice was absent at 
the sixth and eighth weeks, the ducts remained dilated and a fine probe 
could not be passed through the point of ligation. 

Microscopic Observations. The principal changes were a proliferation 
of the small bile ducts and scattered acute hepatocytic degenerative 
changes, going to necrosis in a few places. The small duct hyperplasia 
was absent at 1 day but well-developed at 2 and 3 days (Fig. 17). It in- 
creased to 2 weeks and then gradually regressed, leaving no excess of 
epithelial cells but only a slight surplus of PAS- and silver-positive fibrils 
in some of the periportal regions and a slight inflammatory reaction of 
histio-plasmo-lymphocytes and eosinophils in many portal areas. Mitotic 
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figures in the bile duct epithelium were very numerous from the second 
to the seventh days (Fig. 18). The resulting small bile ducts and epi- 
thelial buds, composed of large pale cells, filled and expanded the portal 
tracts and infiltrated out midst the surrounding parenchymal liver cells 
from which, at times, they were not separated by demonstrable fibers 
(Fig. 19). The larger intrahepatic bile ducts were only slightly, if at 
all, distended on section, although it is known from the escape of much 
fluid from the liver surfaces made by cutting at necropsy that they had 
been overdistended during life. There was edema around these large 
ducts but little or no inflammatory reaction. The large hepatic and the 
common ducts had great distention and, after several weeks, a slight 
thickening but little inflammatory reaction. 

The liver cells at 24 hours exhibited a mild fatty change which was 
principally periportal, depletion of glycogen, and many cytoplasmic 
vacuoles which stained as neither fat nor glycogen. From the second 
to the seventh days, mitotic figures were numerous (Fig. 2), mild paren- 
chymatous damage and eosinophilic hepatocytes (Fig. 16) were common, 
and a number of areas of focal necrosis were found. These were usually 
coagulative in type, sometimes with hemorrhage; a few were liquefac- 
tive. They were juxta-portal when small, chiefly near the surface of the 
liver, and a few were as large as several lobules, having the appearance 
of small infarcts. The foci of necrosis were not all of the same age. No 
evidence of necrosis or scars was seen after the first week. Bile was 
not found at any time either in the necrotic foci or elsewhere. 

A striking phenomenon, most noticeable at 2 days, was a high grade 
contraction of the portal veins in the small portal tracts. It is probable 
that focal necrosis was ischemic consequent to this venous contraction. 

Comment. Our findings again illustrate the mildness of the effects of 
common duct obstruction in the rat compared with what is known for 
some other species, including man. Also indicated were the exceptionally 
great dilatation of the extrahepatic bile ducts, the failure to show micro- 
scopic evidence of bile stasis even though jaundice was present, the 
prompt and great bile duct hyperplasia and its only slightly less rapid 
disappearance, and the failure to develop true cirrhosis of the obstruc- 
tive biliary type. 

The bile duct dilatation in our rats did not reach the great size re- 
ported by some investigators, but it was larger than occurs in most 
other species. This illustrates the extraordinary secretory pressure 
which must exist in this species in the bile duct epithelium if not in 
the liver cells. Microscopically the extrahepatic bile ducts seemed to 
be substantial anatomic structures that would resist dilatation. 

That there was considerable early parenchymal damage was shown 
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by the development of areas of necrosis and by the numerous mitotic 
figures. We have commented on the contraction of the portal vein twigs 
which is, apparently, a newly observed phenomenon. It may well be 
the resulting ischemia rather than the toxicity of impounded bile that 
induced the necrosis. The lesions resembled those that followed portal 
vein ligation, but they were less numerous and smaller on the average. 

The rapid hyperplasia of the small bile ducts, accompanied by much 
mitotic activity and arising around the intrahepatic bile ducts of all 
sizes, was apparently instigated by the common duct obstruction. Never- 
theless, this was not accompanied by visible dilatation of the ducts at 
this level—either the old ones or those newly formed. All the evidence 
from serial sacrifice at short intervals and the use of special stains in- 
dicated that the proliferating ducts were bile duct epithelium. They 
were, therefore, true ducts and not pseudo-ducts as alleged by some in- 
vestigators. They did not resemble, either histologically or cytologically, 
the small-celled hyperplasia that follows some types of liver injury. 
Mitotic figures were seen in the epithelium of ducts of considerable size, 
and the hyperplasia took place within the confines of the portal tracts 
and only later spread to the outside. 

The spontaneous disappearance of the jaundice and the regression of 
the duct hyperplasia at a time when the extrahepatic bile ducts were still 
enlarged is a puzzle, in view of the double ligations performed. No spon- 
taneous by-pass tracts developed as reported by others. 

Many rats in the experiments of others died between the fourth and 
sixth weeks.**:**** They showed jaundice, liver atrophy, foci of necrosis, 
a diffuse fibrosis, and a great duct (or pseudo-duct) hyperplasia. Zeck- 
wer °° was able to enhance these alterations by common duct ligation in 
one member of a pair in parabiosis; the other member kept the animal 
with ligation alive longer than is usual. Moore, Hellman and Jacobius * 
found that prior parabiosis prevented jaundice in the member with 
ligation, the other rat excreting for both, and Goldberg, Hammarsten, 
Lindgren and Plum *® found that prior parabiosis delayed the fibrosis 
due to subsequent common duct ligation. Trams and Symeonidis * noted 
that some rats showed restoration of the common duct, after which they 
lost jaundice and survived. Cameron and Oakley © observed restoration 
of the duct only when the ligation was performed without resection. It is 
possible that obstruction was partly relieved at the sixth and eighth 
weeks in our experiments, although the continuing dilatation of the 
common duct speaks against this explanation. 

The effects in the dog,®**’ rabbit,*-** cat,®® and guinea pig resemble 
those in the rat except that the bile ducts do not become so greatly over- 
distended in the rabbit and the dog. The parenchymal changes in the 
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dog were seen to disappear if bile drainage was restored by a cholecysto- 
gastrostomy.”® The bile ducts enlarge in the guinea pig, and the gall- 
bladder may rupture.” In man the effects of common duct occlusion are 
well known. It should be noted that while cirrhosis has sometimes been 
reported after complete common duct obstruction,” this sequel is best 
seen when the obstruction is incomplete *:* and when infection is present. 


Group 6. Ligation of the Hepatic Duct from the 
Median and Left Lobes 


This procedure appeared clinically harmless. The rats recovered 
promptly, gained weight, and developed no jaundice although over two 
thirds of the bile duct drainage had been occluded. 

Gross Features. The liver was overweight during the first week (Table 
I), the increase being greater than that in group 5 in which the common 
duct had been ligated. The extra weight was all in the lobes with ligated 
ducts, and the lobes without ligation showed no hypertrophy. The 
hepatic duct proximal to the ligature was overdistended by pale yel- 
lowish fluid after the second day. At the third and seventh days and 1 
month, the lobes with ducts ligated appeared jaundiced, but all others 
did not. From the tenth day the lobes with ligation were slightly smaller 
than normal. Gross necrosis was never present. 

Microscopic Observations. The relatively slight changes were re- 
stricted to the lobes with ligated ducts. They consisted of a few tiny 
juxta-portal foci of coagulation necrosis on the second and third days, 
an excess of mitotic figures on the third day, and a slight increase in 
the number of small intra- and periportal bile ducts from the third to 
the seventh days, with persistence of excessive fibrillar material in such 
areas for 8 weeks as seen by the silver and PAS reactions. Bile was never 
seen in the lobes with ligated ducts even when they were jaundiced. 
These lobes were neither fatty nor depleted of glycogen. 

Comment. The proliferation of the small bile ducts in this experi- 
ment was quantitatively far less than after the common duct was ligated, 
and the parenchymal degeneration was also less, showing the protective 
action of functioning liver tissue. 

In rats, ligation of hepatic ducts from two lobes produced temporary 
atrophy, according to Kraus and Beltran,” but no details were provided. 
In the dog this procedure caused slight changes, but only after 4 months, 
according to Harley and Barratt, but Beltran, Kraus and Simpson “ 
found atrophic lobes with biliary cirrhosis between 4 and 35 weeks. 
Ogawa, Jefferson and Necheles ® also found a slow atrophy after ob- 
struction and compensatory hypertrophy of other lobes. In the rabbit, 
the obstructed lobes atrophy slowly over a period of 4 to 5 months, and 
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the unobstructed lobes undergo hypertrophy.”® In the cat the changes 
were even slower, requiring 12 to 16 months,® although Stewart, 
Cantarow and Morgan found monolobular cirrhosis before 5 months. 
Whether the rat would show changes like those of the other species will 
not be known until long-term experiments are performed, but it is the 
impression that they would not. 


Group 7. Ligations of Lobar Portal Vein 
and Hepatic Artery Branches 


After separate double ligation of both of these vessels to the median 
and left lobes, the rats exhibited shock similar to that described in group 
2. Of 9 rats, 1 died at 2 hours. The others regained consciousness only 
after 7 to 8 hours. Technically this was the most difficult of all the opera- 
tions. Hemorrhage was produced in some rats. All the animals appeared 
ill through the fourth day, and some were pale. The rats sacrificed at 
2, 3, and 5 days exhibited between 10 and 30 cc. of fibrin-rich ascitic 
fluid. The rats in this group failed to gain weight, but after the fifth day 
the original weights were regained. 

Gross Features. The liver weight increased rapidly. From the second 
to the tenth days, it was about 60 per cent above normal (Table I), and 
it remained elevated. The increase was due jointly to enlargement of the 
unligated lobes, which appeared hypertrophic and had enlarged lobules, 
and to large infarcts in the lobes with ligated vessels, which remained 
large. Most of the lobes affected by ligation were the seat of complete 
infarction on the second day and thereafter. Some infarcts were partly 
liquefied. One rat (at 2 weeks) had infarction of only half of the lobes 
with ligated vessels, and one animal (seventh day) had no infarction 
because of technical failure of complete occlusion. The livers of many 
rats were enclosed by fibrin, which was most abundant around the lobes 
containing infarcts. 

Microscopic Observations. The lobes without vessel ligation under- 
went rapid and great hypertrophy, as in the experiment with portal 
vein branch ligation. Although there was no hypertrophy at 1 day and 
only rare mitotic figures, at 2 days the liver was between 2 and 3 times 
normal weight, and mitotic figures were abundant. There was no fur- 
ther increase in size. As before, this rapid enlargement was accompanied 
by a temporary reduction in glycogen, by a little intracellular fat, and 
by cytoplasmic vacuolation without fat. An occasional sinusoidal giant 
cell was present (Fig. 5). 

The lobes supplied by the ligated vessels were the seat of complete 
infarction except in one rat where only half of each lobe was necrotic. 
The necrosis was of the coagulative type. The infarcts became enclosed 
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by fibrous tissue and rimmed by few or many leukocytes. Fibroblasts in- 
vaded the necrotic mass from the new capsule (Fig. 13). 

Comment. The effects of occluding both the portal vein and the hepatic 
artery to two thirds of the liver were greater than from either procedure 
alone; there was summation of effects, but no new features were added. 
The rats were sicker, they gained less weight, and the infarcts were 
larger. In fact, the infarction was usually total in areas supplied by the 
occluded vessels when the obstruction was complete. For this reason, it 
was not necessary to continue the experiment for 12 weeks. That the 
animals could survive with only one third of the liver remaining was 
known from the previous resection experiments of others. That this 
situation was not desired was shown, however, by the extremely rapid 
regeneration of the lobes without ligated vessels. By 2 days they had 
enlarged to become 3.1 per cent of total body weight. 

After a similar operation in rats, Loeffler ** found necrosis and soften- 
ing of the affected lobes. Closure of both vessels to about five sixths of 
the liver was fatal within 7 hours in about half of the rabbits used by 
Kettler.® In dogs, DeWeese and Lewis observed only atrophy of the 
involved lobes and compensatory hypertrophy of the others some months 
after lobar portal vein ligation supplemented by intermittent hepatic 
artery obstruction for periods up to 2 hours. Popper, Jefferson and 
Necheles ® found necrosis in the liver lobes of dogs from which both the 
arterial and portal blood supply had been excluded; death occurred if 
these areas were large. 

Infarction was to be expected in our experiments after the obstruc- 
tion of both of the afferent blood supplies to the lobes. The areas of 
infarction did not undergo atrophy, and hence the total liver weights be- 
came elevated as compensatory hypertrophy occurred in the lobes with 
intact vessels. 


Group 8. Ligations of the Portal Vein Branch 
and the Hepatic Duct to Two Lobes 


After ligation of these channels related to the median and left lobes, 
the clinical behavior of the rats resembled that seen in groups 2 and 7. 
They recovered slowly from the anesthetic, were sick for 4 days, and lost 
weight during the first 3 days but gained thereafter. One died within 
18 hours. They were not jaundiced. 

Gross Features. The livers were slightly heavier than normal during 
the first week but normal thereafter. The lobes without ligation showed 
rapid and great hypertrophy, which was 3-fold by 4 days. The affected 
lobes quickly underwent great atrophy. The weight loss in some was, 
however, less precipitous and severe than that in portal vein branch 
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occlusion alone (group 2) because the presence of infarcts of various size 
resisted rapid absorption (group 7). The balance between the atrophy 
and compensatory hypertrophy maintained the liver mass at about nor- 
mal weight (Table I), except for the additional weight of the infarcts. 
The lobes with ductal ligation were jaundiced at 1 day and thereafter 
for about a month. In 2 livers the involved lobes were the seat of almost 
complete infarction (at 4 to 10 days). In 4 rats one or both lobes showed 
partial infarction. In 7 rats no infarcts were seen, and 2 were examined 
before infarcts could be seen. Those parts without infarction rapidly 
underwent atrophy. The ligated ducts did not become enlarged as in 
the other 3 experiments in which the bile ducts were ligated, probably 
because of the prompt loss of secretory tissue from atrophy or infarction. 

Microscopic Observations. The microscopic sequence of events re- 
sembled that in the experiments in which the portal vein branch was 
ligated. In addition, the small bile ducts were hyperplastic, as in the 
branch hepatic duct ligation group, from the third to the seventh days, 
after which this hyperplasia was not seen again. During its existence, 
mitotic figures were evident in the bile duct epithelium. The final pic- 
ture, just as in group 2, was that of miniature lobules, with hepatocytes 
slightly smaller than those in the hyperplastic lobules of the same animal. 

Comment. The effects of ligating both the branch hepatic duct and 
the portal vein branch in this experiment were only slightly more severe 
than the vein ligation alone had been in group 2; added to this were the 
changes produced in group 6 (hepatic duct occlusion). The final pat- 
tern at 10 weeks, however, was that of pure vein ligation. As before, the 
method of disappearance of many of the hepatocytes was not apparent. 
The necrosis did not appear to be extensive or widespread enough to ac- 
count for the miniaturization of every lobule by the seventh day. It was 
of interest that the bile ducts were proliferating by mitosis in lobes at a 
time when hepatocytes were disappearing. 

No reports of similar experiments in rats have been found. In dogs, 
Beltran and co-workers™ observed atrophy and biliary cirrhosis re- 
sembling that from hepatic duct ligation alone. 


Group 9. Ligations of the Lobar Hepatic Artery 
and Hepatic Duct 


The clinical effects of the ligation of these two channels related to 
the median and left lobes were as slight as those of either operation 
alone in groups 4 and 6. The rats recovered promptly from the anes- 
thetic, and gained weight after the first day, recovering their preoperative 
weight by the fifth day. There was no jaundice and no mortality. 

Gross Features. Total liver weights were normal in one third and 
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above normal in two thirds of the animals. The lobes affected by liga- 
tion tended to be heavier than normal because they contained both ne- 
crotic tissue and some hyperplasia. The parts unaffected by ligation 
deviated only slightly in weight from normal; several were slightly en- 
larged. The hepatic duct became dilated above the ligature as in groups 
5 and 6. The lobes drained by the duct were jaundiced from the fourth 
day to as long as the sixth week. In the rat examined at 3 days, the ob- 
structed lobes contained pale foci of necrosis measuring from 1 to 7 mm.; 
at 4 days there were more areas of necrosis, varying from 1 to 15 mm.; 
at 7 days the lobes had undergone complete infarction, were partly 
liquefied, and enclosed in fibrin. In this rat the unaffected lobes had un- 
dergone hyperplasia to about 3 times normal size. Because of hyper- 
plastic tissue and the existence of infarction, this liver weighed nearly 
twice normal. 

Microscopic Observations. Areas of coagulation necrosis resembling 
small infarcts, up to the size of 2 anatomic lobules, were seen at the 
third and fourth days; they corresponded to those seen grossly. Smaller 
foci, visible only microscopically, were present at 2 days. The infarc- 
tion of both lobes, at 7 days, showed well-developed fibrous encapsula- 
tion and central coagulation necrosis. Between the 2 zones was a band 
rich in neutrophils and bacteria. It had the appearance of a marginally 
(secondarily?) infected infarct. Proliferation of the small bile ducts 
was evident from the second to the tenth days inclusive. It was always 
slight—about 3 times the normal quota of small ducts at most. Acute 
parenchymal changes of mild degree, such as periportal fatty change, 
cytoplasmic vacuoles in the absence of fatty droplets, and reduction in 
the amount of glycogen were present through the fourth day. After the 
tenth day all the livers appeared essentially normal. At no time were the 
intrahepatic ducts dilated, as seen on the microscopic sections. Bile was 
not visible. 

Comment. In the experiments here reported, the effects of the dual 
vessel ligation revealed a stress slightly greater than with either alone, 
resulting in larger areas of necrosis or infarcts but not in a higher pro- 
portion. The bile duct hyperplasia was equal to but no greater than 
with hepatic duct ligation alone. The acute parenchymal degenerative 
changes, apart from the focal necrosis, were only very slightly more 
severe than with either operation alone. Qualitatively nothing new was 
found. 

No accounts of comparable experiments were found in rats. After dual 
ligation in the dog, Beltran and co-workers“ reported atrophy and 
biliary cirrhosis like that resulting from hepatic duct ligation alone. 
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Group 10. Normal Controls 


Gross Features. The weights of the 12 livers and of their lobes are 
given in Table I. They showed the ranges in variation to be expected, 
from which the experimental results could be judged. 

Microscopic Observations. No untoward changes were encountered. 
The sections showed the range in appearance of the rats of this strain 
when maintained under these conditions. Mitotic figures were rare. As 
stated above, eosinophilic hepatocytes were occasionally found. 


DISCUSSION 


Of the 9 experimental procedures used in the rat, ligation of the main 
portal vein was the most severe; it led to death within 3 hours. The 
other 8 procedures were compatible with life in all or most of the ani- 
mals. Although most of the procedures were followed by gross changes 
in the liver and all by microscopic alterations, the occlusion of the hepatic 
artery to two thirds of the organ was the least harmful as judged by 
clinical, gross pathologic and microscopic changes, and ligation of the 
hepatic duct from the same 2 lobes was only slightly more severe. Even 
the combined effects of these 2 procedures were only slightly greater 
than either alone. The 3 procedures involving the occlusion of the portal 
vein branch to two lobes as one component all produced severe clinical 
and anatomic effects. 

The most dramatic reactions followed occlusion of the portal vein 
branch, alone or in combination with the corresponding hepatic artery 
branch or hepatic duct, both of which enhanced the effects. The two 
large lobes deprived of portal vein blood were promptly reduced to about 
one sixth or less of their normal weight. At the same time, beginning 
during the second day, the 2 small lobes receiving all of the portal blood 
enlarged to about 3 times their normal weight. Both processes were vir- 
tually completed by 96 hours. As the result of the simultaneous lobar 
atrophy and lobar hypertrophy, the liver at all times was approximately 
normal in weight. Overweight livers were explained in the first day or 
two by an excess of fluid, probably chiefly blood, and occasionally in 
the later stages by the presence of infarcts, which resisted prompt re- 
sorption. Thus, a liver simultaneously showed the processes of hyper- 
trophy and atrophy. Whatever the stimulus for hypertrophy may be, it 
was not competent to prevent hepatocytes in other parts of the same 
organ from disappearing and the lobes and lobules from undergoing 
atrophy. Such a liver was left with oversize lobules in two lobes and 
miniature lobules in the other two. The stimulus for cell proliferation 
was either restricted to the lobes without ligated vessels or, if present 
in all, was ineffective in the lobes with ligation. 
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The readjustment and accommodation of the hepatic stroma, includ- 
ing the portal tracts, to the new histologic situation lagged slightly be- 
hind the changes in the hepatocytes. In the hypertrophic lobules the con- 
tent of silver-positive fibrils in many portal tracts, especially the smaller 
ones, and in the sinusoids, at first appeared less than normal, as if from 
dilution. In the atrophic lobes the silver-positive fibril content was in- 
creased, both in the sinusoids and in the portal tracts, as if from con- 
centration. At the same time the hepatic and portal veins contracted. 
In a few instances the hepatic arteries showed a late enlargement, the 
lumen sometimes becoming larger than that of the portal vein in the 
portal tract. The fibril content of the portal tracts became denser and in 
a few instances contained hyaline areas. In the miniature lobules after 
8 weeks there was occasionally a suggestion of reduction of connective 
tissue in the contracted portal tracts. 

The hypertrophy of the lobes without ligated vessels occurred by 
the mitotic division of hepatocytes. Mitotic figures were very numerous 
during the period of great growth beginning in the second day. The bile 
ducts did not contribute to this lobar and lobular growth except to pro- 
vide for the needed lengthening of the ducts in the portal tracts. 

The bile ducts proliferated excessively only in the 4 experiments in 
which the biliary passages had been ligated, and then only in the ob- 
structed lobes. The stimulus for the proliferation of bile duct epithelium 
either was not generalized throughout the lobules or, if present, it was 
effective only in the biliary epithelium. The maximum proliferation was 
about 5-fold. Mitotic figures were numerous in the proliferating ductal 
epithelium. The new ducts crowded and expanded the portal tracts and 
pushed out into the surrounding lobules. Both locations were verified by 
the silver and PAS reactions. The proliferation seemed maximum by a 
week or 10 days, after which this type of epithelium returned to normal. 
No residues of small epithelial cells persisted in the areas of regression. 
At no time was the pattern of so-called cholangiofibrosis of experimental 
hepatomagenesis observed, nor were the epithelial cords of small cells, 
whose nature and origin have created so much discussion, seen during 
these experiments. The reason for the bile duct regression was not estab- 
lished. It appeared at a time when the obstructed extrahepatic bile ducts 
were still visibly overdistended. The occurrence of very large extra- 
hepatic ducts distended up to several centimeters, described by some 
investigators, was not encountered, although it was sought. For the same 
reason, perhaps, the spontaneous re-establishment of bile drainage 
around the points of ligation, as reported by others, was not noted. 

The extrahepatic bile ducts were overdistended above the point of 
occlusion after ligation of the common duct (group 5), the hepatic duct 
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to two lobes (group 6), and the hepatic duct and hepatic artery to two 
lobes (group 9), but not when the hepatic duct and portal vein to two 
lobes were obstructed (group 8). The added stress of stoppage of the 
portal vein blood quickly produced either necrosis or atrophy of the 
hepatocytes so that the pressure of secretions did not build up to dilate 
the ducts. It is noteworthy that proliferation of the small biliary ducts 
followed all 4 of the procedures involving the occlusion of large ducts. 
If elevated tension inside the bile passages be the cause for duct hyper- 
plasia, then hyperplasia was caused by a lower pressure than that neces- 
sary for large duct dilatation. 

Nothing was seen during these experiments even remotely resembling 
cirrhosis, if the definition be used for cirrhosis of an alteration in the 
normal anatomic lobular architecture as a result of both a connective 
tissue increase and a hyperplasia of liver tissue, some of it nodular. In 
fact, no true increase in connective tissue was recognized. Such increases 
as appear in the illustrations were interpreted as relative increases due 
to condensation from partial or complete collapse. Fibroblasts were not 
a part of the reactions, except in the margins of infarcts. Here fibroblastic 
activity was intense, and dense fibrous capsules were quickly formed. 
In this context fibroblasts were far more numerous than ever manifest 
during the formation of thick fibrous bands in cirrhosis. The reason for 
this dichotomy in behavior was not apparent. 

When the afferent blood supply to lobes was too drastically reduced, 
as by occlusion of both the portal vein and the hepatic artery branches, 
the tissue underwent infarction. If the deprivation of blood was less 
severe, as after portal vein branch ligation, the lobe quickly atrophied. 
Histologically the reduction in size of the lobes was explained in part 
by the rapid development and resorption of small areas of necrosis of 
either the liquefactive or coagulative types. The necrosis was focal in 
character and often left a temporary stigma in the form of an increased 
number of silver-positive fibrils after resorption. Since, however, the 
ultimate atrophy was fairly uniform throughout the lobules, it was de- 
duced that many hepatocytes disappeared from the cords by a process 
of single-cell lysis or atrophy. This idea was supported also by the fail- 
ure at times to show enough, or even any, areas of necrosis by which to 
account for the reduction in size of the lobules. The types of hepatic 
necrosis visible after short-term vascular occlusions in rabbits was in- 
vestigated by Kettler,®’ who also recognized necrosis of single cells. The 
great sensitivity of liver cells to ischemia was studied by Baker. He 
found beginning necrosis after clamping the portal vein, hepatic artery 
and hepatic duct to a lobe in the rat for as little as 2 minutes, and severe 
necrosis from closure for 45 minutes. The disappearance of scattered 
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hepatocytes from the liver cords or plates might, by interrupting the 
continuity of the biliary canaliculi,” lead to the jaundice of temporary 
type seen in these experiments, the icterus disappearing when the ana- 
tomic continuity of the canaliculi was restored. 

Necrosis did not affect the lobules uniformly in the lobes whose blood 
supply had been impaired. The spotty and focal nature of the necrosis 
favored the observations of Knisely ™ that the kind and amount of sinus- 
oidal blood was under the regulation of sphincters ™ so that differences 
might exist at any time in the blood supply to adjacent lobules or even 
in adjacent sinusoids of one lobule. The nervous control of the hepatic 
blood vessels, known to exist,”*® was not taken into account during these 
experiments. It might explain some of the contracted vessels seen after 
ligation, and it could account for the irregular distribution of some of 
the degenerative lesions. 


SUMMARY 


In 9 experiments in rats the hepatic artery, portal vein, or bile duct 
were ligated either to all or to two thirds of the liver; in some rats simul- 
taneous obstructions of two types were made in 3 different combinations. 

1. Main portal vein occlusion was always fatal within 3 hours from 
acute passive congestion of the portal system. This was the only opera- 


tion which was invariably fatal. 

2. Portal vein branch ligation to two thirds of the liver was followed 
by prompt and great atrophy of the affected lobes and compensatory 
hypertrophy of the lobes without ligation, the total liver weight remain- 
ing about normal. The lobar hypertrophy took place by the processes of 
lobular hypertrophy and, probably, hyperplasia, and by hyperplasia of 
the hepatocytes by mitotic division. Lobar atrophy occurred chiefly by 
the loss of cells through necrosis and by cell atrophy. The result was 
miniature lobes and lobules having contracted hepatic veins, portal 
veins and bile ducts but, occasionally, enlarged hepatic arteries. No ab- 
normal new cell types were present. 

3. When hepatic artery occlusion was added to lobar portal vein liga- 
tion, the result was massive infarction of the lobes deprived of afferent 
blood and compensatory hypertrophy of the intact lobes. Similar effects 
followed lobar portal vein ligation combined with lobar hepatic duct 
occlusion, but here there was added a transient intraportal and periportal 
small bile duct proliferation. 

4. Occlusions of the main hepatic artery or its lobar branches were 
relatively harmless procedures, although they always produced histologic 
degenerative changes. To them was added duct hyperplasia when lobar 
hepatic duct and branch hepatic artery ligation were combined. 
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5. Common and lobar hepatic duct ligations produced parenchymal 
degenerative changes which were intermediate in severity between those 
of the obstructions of the corresponding portal veins and hepatic ar- 
teries. In addition there was great dilatation of the large ducts and 
hyperplasia of the small ducts. 

The clinical, gross, and histologic effects of these operative proce- 
dures have been described and illustrated in detail. The mechanisms and 
significance of the early and the late changes in the parenchyma, vessels, 
and interstitial tissues are discussed, contrasted, and interpreted for the 
9 different procedures in the light of the new findings and a partial re- 
view of the reports in the literature. Compared with other species, in 
the rat the hepatic artery blood and bile drainage were relatively less 
important than was portal vein blood. 
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LEGENDS FOR FIGURES 


Unless otherwise indicated, the photo- 
micrographs were prepared from sections 
stained with hematoxylin and eosin. 


Fic. 1. A normal control rat liver weighs 8.7 gm. (the upper figures). The caudal and right 
lobes on the left weigh 2.7 gm. Median and left lobes on the right weigh 6 gm. The lower 
figures show the effects of ligation, 7 days before, of the portal vein branch to the median and 
left lobes in a rat of the same size: Caudal and right lobes have hypertrophied, weighing 7.7 
gm. (lower left figure), while the median and left lobes have atrophied to 0.8 gm. (lower 
right). 

3.2. Hyperplasia of hepatocytes in an intact lobe, 2 days after ligation of vessels to other 
lobes. Intense mitotic activity, cytoplasmic vacuolation, and crowding and enlargement of 
the cells are shown. The vacuoles are only partly accounted for as fat droplets. x 322. 
3. Hypertrophy of a lobule in a lobe that had enlarged about 3-fold in 5 days after portal 
vein branch ligation. The distances from the small portal tracts at the upper right and left 
to the central vein at the lower margin measure half the diameter of this enlarged lobe. Char- 
acteristic of hyperplasia in the rat is the crowding and irregularity of the cords and cells. 
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4. Hypertrophy of a lobule at a later stage, showing a portal tract and 4 central veins. 
Here the topography of lobular enlargement, induced by portal vein branch ligation to 
other lobes, is seen at 2 weeks. This lobe was enlarged nearly 4-fold. The cord pattern 


appears more orderly and less crowded than at the earlier stage (see Fig. 3). X 37. 


5. A small multinucleated giant cell appears in a hypertrophic lobe adjacent to a hepa- 
tocyte in abnormal mitosis. Such cells were seen only in lobes that had recently undergone 
great enlargement. As seen in a series beginning with hepatocytes, these giant cells 
seemed to originate in the cords and later lie in sinusoids. They probably represent an 
end stage of abnormal proliferation of hepatocytes. x 322. 


6. A small juxtacentral area of liquefactive necrosis appears 2 days after ligation of a 
portal vein branch. It is not yet sharply demarcated. Macrophages, stromal cells, and a few 
other cell types are present. The hepatocytes in the remainder of the field are abnormally 
small and eosinophilic, and free of glycogen. X 75. 

7. Infarction with coagulative necrosis in the same rat lobe shown in Figure 6. A central 


vein is enclosed by necrosis, but the cells around the portal tract to the right are spared. 
95. 
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8. Recent lobular atrophy is the result of resorption of necrotic liver substance, allowing 
condensation of stroma in the linear pale areas. Five days after ligation of the portal vein 
branch to this lobe, which was now about one-third normal size. Compare the size of 
these atrophic lobules with the hypertrophic lobules in the same liver (Fig. 3) at the same 
magnification. X 75. 


g. An area of collapse shows an increase in the number of fibrils in a linear area to the 
right of the central vein. This represents a pale area like those in Figure 8. Here the liver 
cells are absent. Liver cords and a normal quota of silver-positive fibrils are evident on 
either side. Same lobe as Figure 8. Wilder stain. X 322. 


10. A hypertrophic lobe 3 weeks after ligation of a portal vein branch to another lobe. 
There is a normal quota of silver-stained fibrils in the wall of this medium small central 
vein and in the surrounding normal sinusoids. Wilder stain. x 322. 


11. A contracted central vein from the atrophic lobe of the same rat shown in Figure ro. 
The vein wall is thickened and serrated, but the added fibrils do not extend out into the 
sinusoids, where the number of fibrils is also increased. The hepatocytes are smaller than 
those shown in Figure 10. Wilder stain. X 322. 
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Fic. 12. In this small portal area, 6 weeks after vein occlusion, the contracted portal vein 
(below) is thick-walled, highly eosinophilic, and hyalinized; its lumen is smaller than 
that of the hepatic artery (at the top), which is abnormally large for a rat’s portal tract 
of this size. A few extra leukocytes are present. X 537. 


‘1G.13. Fibroblastic activity appears in the young fibrous capsule (bottom) of a 14-day-old 
infarct which is still in a state of coagulative necrosis. Similar intense fibroblast activity 
was seen in lesions of no other type during these experiments. X 322. 


;.14. Atrophic miniature lobules appear in a shrunken lobe 4 weeks after vessel ligation. 
Photomicrograph is the same magnification as the hypertrophic lobe in Figure 3 and 
shows great condensation of all stromal elements, slightly greater in the central than the 
periportal areas. Laidlaw silver stain. x 75. 

‘1G. 15. Comparison of cell composition in a hypertrophic and an atrophic lobe. Normal liver 
is shown above. The atrophic lobe below has smaller and darker hepatocytes. Four weeks 
after operation. X 322. 
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.16. Scattered singly or in small groups are small hepatocytes that have dark nuclei and 
a nonvacuolated eosinophilic cytoplasm. They were commoner in lobes undergoing de- 
generation and atrophy, but they occurred also in control rats. They are tentatively 
regarded as degenerating cells. X 322. 


.17. Proliferation of the bile ducts in and around a small portal tract only 3 days after 
ligation of the common duct. Direct invasion of liver cords is evident at several points. 
Wilder stain. X 322. 

;. 18. Mitotic figure (upper right) appears during bile duct proliferation in a small portal 
tract, 2 days after ligation of the common duct. Such mitotic figures were clearly within 
ductal epithelium and common. X 374. 


. 19. Fibrils of the original small portal tract may be observed. The ductal hyperplasia 
is both within this tract and beyond its limits in the surrounding liver, from which it is 
not separated by fibrils (see upper left). The two round structures with dark centers are 
contracted small portal veins containing blood. Laidlaw silver stain. x 322. 
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FIXED AND REPRODUCIBLE ORTHOSTATIC PROTEINURIA 


I. Licut Microscopic STuDIES OF THE KIDNEY 


Captain Roscog R. Rosrnson, MC, USAF*; Carrain Sorrett N. Grover, MC, USAF*; 
CaprTain Paut J. Puuuirp1, MC, USAF; Caprain Frank R. Lecoce, MC, USAF; 
AND LIEUTENANT COLONEL Paut R. LANcEtier, MC, USAF 


From the Renal Unit, Department of Medicine, and the Departments of Pathology 
and Urology, USAF Hospital, Lackland, USAF Aerospace Medical Center (ATC), 
Lackland Air Force Base, Texas 

Considerable disagreement still exists as to the exact etiology and 
clinical significance of orthostatic proteinuria in asymptomatic patients. 
Traditionally, it has been regarded as a benign and transient condition, 
most common during adolescence, and unassociated with underlying 
renal disease.’* However, recent clinical studies have suggested that this 
condition is not always transitory in nature and that the incidence of 
associated renal disease is much higher than commonly supposed.”* 
Clarification of these widely divergent points of view is of special im- 
portance to the military services in order that individuals with orthostatic 
proteinuria may be utilized both justly and properly. 

Although there have been innumerable reports on various clinical 
aspects of orthostatic proteinuria, no detailed articles dealing with his- 
tologic studies of the kidney have yet appeared. We have recently com- 
pleted an investigation of renal biopsy material obtained from 56 asymp- 
tomatic patients with “fixed and reproducible” orthostatic proteinuria. 
Our object was to determine whether diffuse forms of renal disease or 
other architectural defects could be found which might be related to this 
particular disorder. 


MATERIAL AND METHODS 


Between June, 1959, and June, 1960, 366 asymptomatic basic military trainees 
with proteinuria at the time of enlistment were referred to our clinic for evaluation. 
These individuals had been permitted to enter military service only because their 
examining physicians had felt that the proteinuria was “orthostatic” or “transient” 
in nature. Routine urinalyses confirmed the presence of proteinuria in 189 individuals. 


This investigation was supported, in part, by Research Contract 41(657)-368 with the 
School of Aviation Medicine, USAF Aerospace Medical Center (ATC), Brooks Air Force 
Base, Texas. 

Accepted for publication, May 2, 1961. 

* Present address: Department of Medicine, Duke University Medical Center, Durham, 
N.C. 

+ Present address: Department of Pathology, University of California Medical Center, 
Los Angeles, Calif. 
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Ninety-two patients with reconfirmed proteinuria were selected for hospital ad- 
mission and more thorough study. 

All hospitalized patients were placed on a special ward with personnel intimately 
familiar with the details of the investigation. Particular attention was paid to the 
proper classification of urinary protein excretion patterns. Patients with “fixed and 
reproducible” orthostatic proteinuria were identified according to the results of a 
rigidly supervised serial urine collection test as described below: 

1. Dry supper at 6:00 p.m. on the evening preceding the test. No fluids were 
allowed until 8:00 a.m. the following morning. 

2. Patients remained recumbent in bed from 8:00 p.m. until 8:00 a.m. A recumbent 
voided urine specimen was obtained at 10:00 p.m. and discarded. 

3. Urine voided during recumbency was again collected at 6:00 and 8:00 a.m. 
Both samples were saved for analysis. 

4. Light ambulatory activity about the ward was required from 8:00 a.m. until 
completion of the test at 3:00 p.m. Fluids were limited to 500 ml. during this period. 

5. While the patients were upright, voided urine specimens were obtained at 
10:00 and 11:00 a.m., 12:00 noon, 2:00 and 3:00 p.m., and saved for analysis. 

A qualitative test for protein and an estimate of specific gravity were obtained 
on each urine specimen saved for analysis. A sample was considered free of protein 
when tests for protein were negative and its specific gravity was 1.018 or higher. 

This procedure has been found to be a reliable clinical means of relating the appear- 
ance of proteinuria to changes of body posture.*® Urinary protein excretion patterns 
were classified according to the criteria of King®* after the results of at least 3 con- 
secutive tests were available. In brief, proteinuria was termed “persistent” if detected 
in both the recumbent and upright postures, and “orthostatic” if found only during 
standing. Two types of orthostatic patterns were recognized: (a) one in which 
upright proteinuria was repetitively and consistently demonstrated by serial test- 
ing; and (b) another in which upright proteinuria was variable and inconstant in its 
appearance and not demonstrated consistently from day to day. The first type of 
orthostatic pattern was termed “fixed and reproducible”; the second was referred 
to as “transient” in nature. Patients with previously documented proteinuria whose 
serial collection tests were negative repeatedly for protein were presumptively in- 
cluded in the “transient” group. 

According to the results of this test, 64 patients had “fixed and reproducible” 
orthostatic proteinuria. Our observations were limited solely to this group of pa- 
tients. All subjects were asymptomatic and apparently healthy young men whose ages 
ranged between 17 and 24 years (average, 19 years). In each of 3 patients an 
equivocal history of previous renal disease was elicited. Excretory urograms and 
conventional clinical estimates of renal function were within normal limits in all. 
Subtle abnormalities of the urinary sediment were noted on extremely rare occasions. 

Percutaneous renal biopsy was performed according to the technique described 
previously by Muehrcke, Kark, and Pirani.” However, the left kidney instead of 
the right was selected for biopsy purposes. No adverse complications were en- 
countered. 

Tissue sections from all patients were examined by conventional light microscopic 
techniques. Electron microscopic studies were made of 6 specimens and will be re- 
ported in detail in a subsequent communication.” In preparation for light microscopy, 
biopsy material was fixed in 10 per cent neutral buffered formalin in saline. After 
fixation, the tissue was embedded in paraffin and sections were cut as thinly as pos- 
sible with a conventional microtome. Paraffin preparations were stained with 
hematoxylin and eosin and by the periodic acid-Schiff (PAS) method. Samples were 
considered adequate for recognition of diffuse renal lesions if 5 or more glomeruli 
were included. 

Biopsy specimens containing minimal and subtle histologic alterations were eval- 
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uated with considerable conservatism and with due regard for such factors as section 
thickness, which might erroneously affect interpretations. Moderate reliance was 
placed upon the comparison of such specimens with those which we were fortunate to 
obtain from 4 healthy young male volunteers (average age, 22 years) without pro- 
teinuria or evidence of renal disease. All slides were intermixed and reviewed in- 
dependently by two examiners. Agreement was usually excellent. When agreement 
could not be reached, the changes in question were listed as doubtful or equivocal. 


RESULTS 


Fifty-eight percutaneous renal biopsy specimens were obtained from 
56 patients with fixed and reproducible orthostatic proteinuria. Fifty- 
one specimens (88 per cent) exhibited 5 or more glomeruli (average, 
17) and were regarded as adequate in size for diagnostic purposes. These 
51 biopsies form the basis for the present report. 

The character and frequency of the various structural alterations 
observed are listed in Table I. For convenience and ease of presentation, 
specific alterations of the major histologic divisions of the kidney will 
be described separately. 


Glomerulus 


The main features of normal glomerular architecture are well estab- 
lished. The type of capillary wall structure illustrated in Figures 1 and 
2 is typical of that seen in hematoxylin and eosin stained preparations 
from normal volunteer subjects. The delicacy and thinness of the periph- 
eral capillary loops is of particular note. 

In specimens from patients with orthostatic proteinuria, one of the 
most consistent and interesting alterations was exhibited by the filtration 
surfaces of the glomerular capillary loops. Twenty-two (43 per cent) of 
51 adequate specimens revealed definite minimal to moderate thickening 
of the glomerular capillary wall (Figs. 3, 4, and 15). In an additional 
7 cases (14 per cent) suggestive changes of this type were demonstrated. 
The glomerular capillary walls of the 22 remaining specimens were 
identical to those observed in normal subjects of the same age group. 

It should be emphasized that capillary wall thickening was often of 
minimal intensity and subtle in its appearance. It was most easily and 
reliably detected among the peripheral capillary loops of the tuft. In- 
volved capillary walls often appeared stiffened and devoid of their nor- 
mal resiliency (Fig. 5). The cross-sectional area of the capillary lumens 
was affected in a variable manner. In most sections, capillary patency 
appeared compromised and reduced by the thickened walls (Figs. 6 and 
7). Areas containing dilated and uninvolved capillaries were often noted 
adjacent to the foci with decreased capillary patency. On the other hand, 
focal areas with widely patent but thickened capillary loops were also 
noted within some glomeruli in 11 specimens (Figs. 5 and 15). 
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Capillary wall thickening was variably distributed throughout the 
glomerular population of individual samples. The majority of the glo- 
meruli were either diffusely or focally affected in 15 cases. The remaining 
7 cases showed either focal or diffuse capillary wall thickening of less 
than half of the glomerular sample (Table I). Capillary wall thickening 
was relatively severe in only 5 of the 22 specimens. It was sufficiently 


TABLE I 


STRUCTURAL ALTERATIONS OF THE KIDNEY IN FIXED AND 
REPRODUCIBLE ORTHOSTATIC PROTEINURIA * 


Biopsy specimens 
Type of alteration No. Per cent 


Glomerulus 
Capillary wall thickening, definite 
Diffuse involvement of > 50% of glomeruli 
Focal involvement of > 50% of glomeruli 
Diffuse involvement of < 50% of glomeruli 
Focal involvement of < 50% of glomeruli 
Capillary wall thickening, questionable 
Basement membrane thickening, PAS-positive 
Hypercellularity 
Diffuse involvement of > 50% of glomeruli 
Focal involvement of > 50% of glomeruli 
Diffuse involvement of < 50% of glomeruli 
Focal involvement of < 50% of glomeruli 
Eosinophilic granules within capsular space 
Tuft enlargement 
Capillary dilatation, focal 
Congestion, focal 
Ischemia, focal 
Capsular adhesions, definite 
Hyalinized and fibrotic glomeruli 
Capillary “occlusion” with eosinophilic material 
Capsule 
Thickening 
Proliferation, minimal 
Interstitial Tissue 
Fibrosis, focal 
Inflammation, focal 
Edema, focal 
Tubules 
Atrophy, focal 
Dilatation, focal 
Cell casts, intraluminal 
Eosinophilic granules, intraluminal 
Other 
Arteriolar thickening 


N 


43 


AHN O 


* From 51 adequate renal specimens. 


advanced in 3 to warrant an emphatic diagnosis of diffuse membranous 
glomerulonephritis (Fig. 7). Differences between minimal and presum- 
ably early thickening and the most advanced variety are contrasted in 
Figures 3 and 7. 
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34 67 
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II 22 
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5 10 
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II 22 
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II 22 
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10 20 
31 61 
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In most cases we were unable to determine precisely which compo- 
nents of the capillary wall were responsible for the increase in thickness. 
Basement membrane thickening was noted in PAS preparations of the 
5 specimens with most advanced changes (Fig. 9) and probably con- 
tributed to the thickened appearance of the capillary wall in these sam- 
ples. Early and minimal focal condensations of basement membrane 
substance were sometimes noted in other cases (Fig. 8), but the base- 
ment membrane structure of the capillary loops was usually normal and 
intact. 

Twenty-one biopsy specimens (41 per cent) revealed glomerular hy- 
percellularity of varying degree. In all but 4, hypercellularity was asso- 
ciated with capillary wall thickening. Although diffuse nypercellularity 
of individual glomeruli was noted occasionally, it was most often focal 
in nature. Over half of the glomerular population was focally or diffusely 
hypercellular in only 6 specimens. Focal areas of glomerular hypercel- 
lularity were manifest as compact collections of nuclei which were best 
seen at the periphery of the glomerular tuft (Figs. 4, 7, 10 and 11). 
These nuclei were felt to be epithelial in character although light micros- 
copy did not always permit precise classification. Epithelial cells in 
general often appeared enlarged and contained an abundance of cyto- 
plasm (Fig. 12). In the main, the degree of focal hypercellularity seemed 
to parallel the extent of the capillary wall thickening. Glomerular tufts 
were increased in size in over half of the cases with well defined capil- 
lary wall thickening. The capsular space was almost completely oblit- 
erated in many instances (Figs. 6, 7, and 13). Hypercellularity, capil- 
lary wall thickening, and focal capillary dilatation appeared to be 
important causes of this tuft enlargement. 

Another frequent feature (34 of 51 specimens) was tiny clusters of 
small, brightly eosinophilic granules within the capsular space; these 
were very faintly PAS-positive (Fig. 14). They were variably sized and 
were always seen in close proximity to the epithelial periphery of the 
glomerular tuft and appeared to have arisen from the epithelial cyto- 
plasm of the capillary loops. They were not observed with certainty in 
samples from normal volunteers, and had to be carefully distinguished 
from smaller and less eosinophilic granular debris of tubular origin which 
occasionally extruded into the capsular space. 

Other alterations of glomerular architecture were felt to be of doubt- 
ful significance. In many hematoxylin and eosin-stained preparations, 
fibrinous adhesion-like strands of lightly eosinophilic material appeared 
to attach an occasional glomerular tuft to the adjacent capsular epithe- 
lium (Figs. 13 and 15). However, definite PAS-positive glomerulo- 
capsular adhesions were observed in only 5 specimens. Collections of a 
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moderately eosinophilic and finely granular substance of unknown com- 
position seemed to occlude the capillary lumens of occasional glomerular 
tufts in 3 cases. Focal areas of glomerular congestion or ischemia were 
sometimes seen (10 and 18 per cent, respectively). Lastly, hyalinized 
glomeruli were noted sporadically in 3 additional cases. Two of these ex- 
hibited clear evidence of either membranous glomerulonephritis or 
pyelonephritis. 


Bowman’s Capsule 


Early thickening of the capsule wall and minimal nuclear proliferation 
of the capsular epithelium were apparent in 22 and 31 per cent, respec- 
tively, of adequate specimens (Table I). Most sections with early cap- 
sular thickening (Fig. 13) also revealed glomerular capillary wall thick- 
ening. Capsular thickening and periglomerular fibrosis were surrounded 
by small foci of active inflammation in 3 samples (Fig. 16). Nuclear 
proliferation of the capsular epithelium was always of slight degree and 
did not appear related to the occurrence of other alterations. 


Interstitial Tissue 


Small foci of cortical interstitial fibrosis and tubular atrophy were 
seen in 11 cases. In 4 instances, a modest degree of inflammatory reac- 
tion could be seen about the periphery of these areas. However, only 1 
specimen revealed sufficient inflammatory change to merit a diagnosis 
of active pyelonephritis (Fig. 16). 


Tubules 


The cortical and medullary tubular epithelium appeared unaltered 
in most cases. Of interest, however, was the observation that 61 per cent 
of the biopsy specimens revealed small granules within the proximal 
tubular lumens; these possessed the same tinctorial properties and physi- 
cal appearance as those previously described within the capsular space. 
Definite intracytoplasmic accumulation of these granules within tubular 
epithelium was not observed. Similar granules were observed with rarity 
in the tubular lumens in normal volunteers. 

Small focal areas of cortical tubular atrophy and interstitial fibrosis 
were noted in 11 cases. Focal tubular dilatation was found on only one 
occasion. 


DISCUSSION 


These observations indicate that fixed and reproducible orthostatic 
proteinuria is frequently associated with underlying morphologic altera- 
tions of the kidney. Two important factors must be kept in mind as the 
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possible significance of these findings is discussed. First, since the case 
material was obtained from a strictly defined population group, the 
findings are not necessarily representative of all persons with this form 
of proteinuria regardless of age. Second, it should be re-emphasized that 
this study was confined solely to patients whose orthostatic proteinuria 
was fixed and reproducible. Differentiation of this type of proteinuria 
from that of a “transient” nature is of particular importance. Transient 
orthostatic proteinuria is seen much more often, the fixed and repro- 
ducible variety accounting for only about 15 per cent of all cases of 
asymptomatic proteinuria.* Such distinctions must be clearly recognized 
since these two forms of orthostatic proteinuria may well provide en- 
tirely different etiologic and prognostic implications. 

For purposes of discussion, all biopsy specimens were divided loosely 
into 3 broad groups. Although somewhat artificial, these divisions greatly 
facilitated consideration of the material. 

The first group was composed of the 4 specimens (8 per cent) which 
contained unequivocal evidence of well-recognized forms of renal dis- 
ease. These were membranous glomerulonephritis (3 cases) and pyelo- 
nephritis (1 case). Although the occurrence of other forms of renal dis- 
ease is not excluded by these findings, they do suggest membranous 
glomerulonephritis as the most frequent disorder. 

The relationship between overt lesions such as membranous glomer- 
ulonephritis and proteinuria is obvious. Although not widely recognized, 
it has been known for some time that patients with subsiding acute glo- 
merulonephritis or latent pyelonephritis may sporadically exhibit an 
orthostatic-type pattern of protein excretion.*’** In addition, recent 
clinical reports have indicated that at least 25 per cent of patients with 
fixed and reproducible orthostatic proteinuria exhibit clinical evidence 
of parenchymal renal disease at the end of an average 6-year period of 
follow-up study.’ Our observations offer histologic confirmation of this 
clinical impression but suggest a lower incidence. However, a follow-up 
biopsy survey of our cases at a later date might well reveal a higher 
incidence of parenchymal disorder. It is of interest to contrast our figure 
of 8 per cent with the much higher incidence of unequivocal abnormality 
found in biopsy studies of patients with asymptomatic persistent pro- 
teinuria.** 

The second group consisted of 23 cases (45 per cent) in which there 
were varied alterations of insufficient intensity or specificity to justify 
a conclusive pathologic diagnosis. Cases with capillary wall thickening 
accounted for 80 per cent (18 biopsies) of this group. The remainder ex- 
hibited 3 or more of the other glomerular changes listed in Table I. The 
pattern of glomerular alteration observed here was characteristic enough 
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to permit the designation of a “typical” profile of glomerular involve- 
ment. Such a glomerulus exhibited moderate tuft enlargement with focal 
hypercellularity, cytoplasmic enlargement of epithelial cells, focal or 
diffuse capillary wall thickening with a normal PAS-positive basement 
membrane structure, slight capsular thickening, and small clusters of 
eosinophilic granules within the capsular space. This pattern was largely 
felt to be the consequence of an altered epithelial component in the capil- 
lary wall. However, the observation of a definitely thickened basement 
membrane in 5 specimens indicated that involvement of this structure 
may also occur. In the main, studies with electron microscopy supported 
these opinions and will be reported in another communication." 

Forty-seven per cent of the cases were placed in the third group. The 
majority of these specimens contained none of the specific alterations 
listed in Table I. Most of the tissue was identical to that obtained from 
the normal volunteer subjects. However, in a few instances, one or more 
of the changes described in other cases was noted. These alterations 
lacked sufficient association with others to warrant their inclusion in the 
second group. Most cases of this type were characterized by eosinophilic 
granules within the capsular space beside an otherwise normal glomer- 
ulus. Although adequate proof is lacking, these droplets were felt to rep- 
resent protein-containing material which had traversed the glomerular 
capillary wall. Their presence in the otherwise normal kidneys of pa- 
tients with orthostatic proteinuria, but not with certainty in normal 
volunteers, suggests the existence of an underlying ultra-microscopic 
defect which is not identifiable by conventional microscopy. If so, the 
actual incidence of glomerular defects in fixed and reproducible ortho- 
static proteinuria is much higher than our results have shown. Similarly 
“normal” kidney tissue has been described in light microscopic investi- 
gations of other proteinuric states in which ultra-microscopic defects 
were subsequently found.*®?" 

The exact cause and clinical significance of these nonspecific glomer- 
ular alterations is uncertain. More than one causative factor may well 
be responsible for their appearance. It is logical to assume that they are 
causally related to this form of asymptomatic proteinuria. If such is the 
case, it is possible that they simply represent benign structural defects 
which are nonprogressive and unrelated to overt renal disease. They also 
may be viewed, however, as either the healed residua of a previous bout 
of renal disease or as the first manifestation of an undefined form of 
future renal disease. Both the results of King’s serial clinical studies‘ 
and the observation of more advanced capillary wall thickening in 5 
cases in the present study imply that the latter possibility is a strong one. 
Careful and well-controlled serial biopsy studies of these patients are 
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needed if we are to document the eventual histologic evolution of the 
glomerular changes. Meanwhile, the precise long-term prognosis of pa- 
tients with fixed and reproducible orthostatic proteinuria must be con- 
sidered undetermined and with reservation. 

In the past, considerable discussion has been directed toward the rela- 
tive importance of tubular versus glomerular factors in the genesis of 
various proteinuric states.*1*** The predominance of well-defined glo- 
merular alterations in our patients suggests that fixed and reproducible 
orthostatic proteinuria is primarily of glomerular origin. Although the 
possibility of tubular dysfunction cannot be excluded completely, no his- 
tologic evidence of tubular difficulty in relation to protein absorption 
or disposal was observed. 

Despite inadequate understanding of the cause of these alterations, 
their existence does provide a satisfactory explanation for the results of 
recent renal hemodynamic studies in patients with this type of pro- 
teinuria. For many years, orthostatic proteinuria was attributed pri- 
marily to postural renal hemodynamic adjustments such as a fall of 
blood flow or an elevation of renal venous or intra-glomerular pres- 
sure.’*:?3 This concept implied a difference between the hemodynamic 
response in upright normal nonproteinuric subjects and patients with 
orthostatic proteinuria. Recent investigations have shown that this is 
not the case.”*”° After standing, similar changes of blood flow, glomer- 
ular filtration rate, and filtration fraction have been found in both normal 
individuals and those with orthostatic proteinuria. These observations 
indicate that factors other than those of a hemodynamic nature must be 
of primary importance in the genesis of orthostatic proteinuria. 

We feel that a fixed anatomic alteration of the glomerular capillary 
wall is the initial and fundamental cause of this type of proteinuria. It 
is this capillary defect which permits the renal hemodynamic adapta- 
tions which normally occur on standing to effect an increased transfer 
of protein into the glomerular filtrate. Thus, although still of importance, 
hemodynamic factors may be relegated to a secondary or “permissive” 
role, and an abnormal postural hemodynamic response need not be in- 


voked to explain the occurrence of fixed and reproducible orthostatic 
proteinuria. 


SUMMARY 


Fifty-eight percutaneous renal biopsy specimens were obtained from 
56 patients with fixed and reproducible orthostatic proteinuria. Evidence 
of a well-defined form of parenchymal renal disease was found in only 
8 per cent. Forty-five per cent revealed distinctive glomerular altera- 
tions characterized by capillary wall thickening without basement mem- 
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brane thickening, focal hypercellularity, slight capsular thickening, and 
the presence of eosinophilic granules within the capsular space. The re- 
maining cases showed either normal tissue or occasional isolated altera- 
tions of questionable significance. 

It is concluded that an underlying anatomic defect of the glomerulus 
is the initial cause of most, if not all, instances of fixed and reproducible 
orthostatic proteinuria. The possible relationship of these alterations to 
parenchymal renal disease is discussed. 
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LEGENDS FOR FIGURES 


Except where indicated, the photomicrographs were prepared from sections 
stained with hematoxylin and eosin. 


Fic. 1. Normal glomerulus from a young man without evidence of renal disease or 
proteinuria. All capillary loops are patent and well formed. X 350. 


Fic. 2. Portion of a normal glomerulus from a young man without evidence of 
renal disease or proteinuria. Capsular epithelium is at B. The thin and delicate 
capillary wall structure is indicated by the arrow. Epithelial cytoplasm is com- 
pact. X 700. 


Fic. 3. Glomerulus from a young man with fixed and reproducible orthostatic pro- 


teinuria. Areas of moderate capillary wall thickening are indicated by arrows. 
Focal areas of collapsed capillary lumens can be seen. X 300. 


Fic. 4. Glomerulus from a patient with orthostatic proteinuria. The majority of 
the capillary walls are thickened. Several foci of hypercellularity (A) are seen 
at the periphery of the tuft. Capillary lumens are either small or obliterated 
within these areas. The walls of capillaries with widely patent lumens appear 
less thickened. X 400. 
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Fic. 
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their normal resiliency. X 750. 


6. An enlarged glomerular tuft completely fills the capsular space. Capillary lumens 
have been partially obliterated by thickened capillary walls. A dilated tubule containing 
an intraluminal cast may be seen at the upper left. 300. 


. 7. The characteristic lesion of membranous glomerulonephritis is illustrated. Pro- 


nounced capillary wall thickening, obliteration of the capillary lumens, focal hyper- 
cellularity, and early lobulation are evident. The tuft is adherent to the capsular epithelium 
at one point. X 350. 


8. Focal condensations of PAS-positive glomerular basement membrane substance and 
minimal thickening are seen. An intraluminal tubular cast is also apparent. Periodic acid- 
Schiff stain. X 175. 


304 
Fic. 5. Focally thickened glomerular capillary walls are widely patent, rigid, and devoid of 
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Fic. 9. Advanced basement membrane and capsular thickening in a patient with proteinuria 


and membranous glomerulonephritis. Pericapsular interstitial fibrosis is seen. Periodic 
acid-Schiff stain. X 150. 


Fic. to. Three glomeruli from a case of orthostatic proteinuria. Focal hypercellularity and 
minimal focal capillary wall thickening are noted. xX 100. 


Fic. 11. Focal hypercellularity and minimal focal capillary wall thickening are manifest. 
X 300. 


Fic. 12. There is minimal capillary wall thickening. The epithelial cells appear enlarged and 
contain an abundance of cytoplasm (X). X 700. 
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FIc. 


FIc. 


13. The tuft is enlarged and there are slight capsular thickening, minimal focal capillary 
wall thickening, and delicate fibrinous adhesions. X 350. 

14. Clusters of variably sized eosinophilic granules are noted within the capsular space 
adjacent to the periphery of the glomerular tuft. The capillary wall structure appears 
essentially normal in this case. X 350. 


;. 15. Orthostatic proteinuria. The glomerulus shows minimal capillary wall thickening. 


At C the walls are stiffened and appear delicately attached to the capsular epithelium. 


X 325. 


;. 16. Glomerular fibrosis and active periglomerular inflammation in a case with ortho- 


static proteinuria. A histologic diagnosis of pyelonephritis was made. X 300. 


\ ete 
| 


GLOMERULAR EXCRETION OF MACROMOLECULAR 
SUBSTANCES 


ELectron Microscopic Stupy oF Rat KipNEY 
AFTER ADMINISTRATION OF HUMAN SERUM ALBUMIN 


C. T. Asuwortn, M.D., ann J. A. James, M.D. 


From the Departments of Pathology and Pediatrics, 
The University of Texas Southwestern Medical School, Dallas, Texas 

It was shown earlier that dextran injected intraperitoneally in rats 
was excreted across the glomerular capillary wall, forming aggregates 
in the glomerular epithelial cells. The substance appeared in the proxi- 
mal convoluted tubular epithelial cells, and some was taken up by histio- 
cytes in the renal interstitial tissue. For further study of the 
mechanism of excretion of macromolecular substances in glomerular 
filtrate, and of the effects of this phenomenon upon the kidney, human 
serum albumin was given intraperitoneally to rats, producing a state of 
hyperproteinemia and albuminuria. The kidneys were subsequently ex- 
amined with electron and light microscopy. 


METHODS 


Six young Sprague-Dawley rats, weighing from 100 to 190 gm., were given intra- 
peritoneal injections of human serum albumin.* Albumin solution diluted to 3 per 
cent in 0.45 per cent saline was administered in amounts of 1 cc. per ro gm. of body 
weight twice daily for 14 days. Four control rats of similar size were given equal 
amounts of 0.45 per cent saline intraperitoneally. Animals received no other fluids, 
and were kept on a stock pellet diet. 

Body weight and 12-hour urinary protein output * were determined every third 
day. Terminally, total serum proteins were evaluated by a biuret method, and kidney 
weights were obtained. Kidney tissue was fixed in neutral buffered formalin for 
histologic sections. Hematoxylin and eosin and the periodic acid-Schiff-Alcian blue 
stains ®* were used. Blocks of kidney cortex (1 cu. mm.) were fixed in a chrome- 
osmium fixative * for electron microscopy. Tissue was dehydrated in alcohols, em- 
bedded in methacrylate, sectioned with a diamond knife, and examined with an 
RCA EMU-3 electron microscope. 


RESULTS 


Determinations of body weight, kidney weight, urinary protein output, 
and terminal serum protein levels are given in Table I. Body weights 


Supported by United States Public Health Service Grant #H-5120 Cx and by a grant 
from the Dallas Chapter of The National Kidney Disease Foundation. 
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changed only slightly in both control and experimental groups. The 
kidney wet weights, expressed as gm. per hundred gm. of body weight, 
were considerably increased in the rats receiving serum albumin injec- 
tions. Urinary proteins were markedly increased in the experimental 
group after the third day of the experiment. 


TABLE I 
EFFECT OF INTRAPERITONAL SERUM ALBUMIN INJECTIONS * IN RATS 


Control Albumin-injected 
group group 


Number of animals 4 6 
Average wt. at start (gm.) 173 
Average 12 hr. urine protein output 

on sixth day (mg.) 1.9 72 
Average terminal serum protein 

(gm./100 cc.) 6.3 8.3 
Average terminal wt. of kidneys 

(gm./r1oo gm. of body wt.) 


* Daily injections for 2 weeks. 


With light microscopy, hematoxylin and eosin stains of the kidneys 
showed a distinctive thickening of the glomerular capillary walls and 
the presence of intraglomerular hyaline droplets. PAS-stained prepara- 
tions revealed a normally thin glomerular basement membrane, but PAS- 
positive hyaline droplets were identified in the glomeruli (Fig. 1). The 
exact localization of these droplets within the capillary wall could not be 
clearly defined, however. 

Electron microscopy revealed the glomerular alterations in greater 
detail. The glomerular epithelial cells were moderately swollen (Fig. 2). 
The patency of capillary lumens did not appear significantly affected 
even though the pericapillary epithelial cytoplasm was increased in 
amount. The net result was a comparatively greater filling of the glom- 
erular space by the capillary loops and associated epithelial cells. In 
most instances the swollen epithelium contained a light, loose-appearing 
cytoplasm, in contrast with the compact and dense cytoplasm of epi- 
thelium in normal glomeruli. Within the light cytoplasmic areas were fine 
granules about 80 to 120 A in diameter.These were similar in size and 
density to the fine granules seen within capillary lumens and apparently 
represented plasma protein or lipoprotein macromolecules (Fig. 3). 
These granules were about one-half the diameter of ribonucleprotein 
(RNP) granules and not as dense. RNP granules could be identified in 
all portions of the epithelial cytoplasm and not only in the less dense 
portions. Usually the pedicels retained their characteristically compact 
and dense structure, but in several instances this was replaced entirely 
or partially by looser and less dense cytoplasm. For the most part, the 
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pedicels remained discrete. In some areas, however, where pervaded by 
the lighter cytoplasm, the pedicels had become swollen and confluent 
(Fig. 4). Study of various stages of foot process fusion indicated that 
this had resulted from flattening out of the interpedicellar spaces due 
to the increased amount of cytoplasm; as a result the cell membrane 
was pushed down against the basement membrane. 

The most striking alteration appeared in the cytoplasm of the glo- 
merular epithelium where localized, dense aggregates of fine particles or 
granules occurred. These bodies measured up to 1 » in diameter and at 
all stages of development appeared to be independent of mitochondria 
(Figs. 5 and 6). What appeared to be their earliest stages consisted of 
poorly demarcated densities in the glomerular epithelial cytoplasm. The 
individual granules measured about 100 A. As the aggregates became 
larger, they became more distinctly rounded or oval, were more compact, 
and gradually developed a sharper demarcation from the surrounding 
cytoplasm, although no limiting membrane was seen. In some cells the 
bodies occurred in such numbers that they almost replaced the remaining 
cytoplasm. The densities corresponded to the hyaline droplets and PAS- 
positive bodies observed in the glomeruli by light microscopy. 

Neither the endothelium nor the basement membranes of the glomeru- 
lar capillaries manifested any definite structural alterations. In the cyto- 
plasm of some proximal convoluted tubular cells, prominent vacuoles 
measuring up to 1 » were observed. These usually contained fine granules 
resembling those seen in the loose cytoplasmic portions of the glomerular 
epithelium (Fig. 7). Also, many of the epithelial cells in the proximal 
convoluted tubules contained oval or round, dense bodies similar in size 
and appearance to those encountered in the glomerular epithelium (Fig. 
8). Evidence of neither the granular material nor the dense bodies was 
found in the interstitial tissue or in histiocytes of the peritubular stroma. 


DISCUSSION 


Baxter and Cotzias® have reported hyperproteinemia and marked 
albuminuria in rats after intraperitoneal injection of human serum 
albumin. The kidneys in their animals became enlarged, and the glo- 
merular capillary walls underwent thickening. In the present study, these 
observations were confirmed. The alterations in the glomeruli consisted 
of a distinctive watery swelling of the epithelium and the accumulation 
of oval, dense bodies in their cytoplasm. The rapid occurrence of 
albuminuria, and the absence of any evidence of cell injury, histologically 
or electron microscopically, favor the hypothesis that foreign protein 
reaction is not the cause of the changes observed. Instead, the hyper- 
proteinemia is believed to be the basis for the glomerular alterations. 
The accretion of very fine granules, the density and size of which were 
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similar to those of the plasma protein, and the formation of dense oval 
bodies in the glomerular epithelium suggested that albumin molecules 
were taken up by the glomerular epithelium from the glomerular filtrate. 
This proposition has been substantiated by the demonstration that dex- 
tran accumulated in the glomerular epithelium in a similar manner.’ 
This suggests that some plasma macromolecules with molecular weight 
ranging from 20 to 60 thousand may transgress the glomerular capillary 
wall in the normal rat and that some of these macromolecules may then 
be incorporated into the cytoplasm of the glomerular epithelium. It can 
be hypothesized that so long as the capacity of the cell for uptake and 
elimination of the imbibed macromolecules is not exceeded, no accretion 
of these substances would occur. If, however, the mechanisms for elimi- 
nation of imbibed material are overloaded by increased concentration of 
macromolecules in the glomerular filtrate, then accumulation of these 
substances in the epithelium would become evident. This hypothesis is 
supported by the work of Farquhar and Palade,* who demonstrated the 
appearance of small amounts of ferritin in glomerular epithelium in 
normal rats and much larger amounts in nephrotic rats. Vernier and 
associates * showed that silver-tagged protein accumulated in the glo- 
merular epithelium of nephrotic rats but not in normal rats. In our ex- 
periments it should be emphasized that no glomerular injury had been 
produced and that the serum albumin injected had not been altered from 
its natural state. The accumulation of macromolecules in glomerular 
epithelium may be of significance as a possible explanation for the 
localization of antibody * and gamma globulin ® in this region. Whether 
the deposition of proteins here could in itself result in glomerular injury 
is yet to be determined. 

Although macromolecules of the blood are able to transgress the glo- 
merular capillary wall and form prominent aggregates in the glomerular 
epithelium, the rate of their escape across the capillary wall has not 
been established. Gradual accretion of the macromolecular substances 
could result in relatively large intracellular deposits if the rate of cellular 
uptake from the glomerular filtrate exceeds the rate of secretion by the 
glomerular epithelium. Likewise, the mechanism by which macromole- 
cules gain entrance into the cells is a matter for speculation. Pinocytosis, 
as suggested by Farquhar and Palade,® seems to be a likely possibility. 
We also observed pinocytotic vesicles in the interpedicellar spaces rela- 
tively frequently in the swollen epithelial cells of rats after albumin 
injections. They occurred in control animals also, but to a much lesser 
degree. Subsequent to the presumed pinocytotic uptake, some of the 
imbibed protein and fluid could then be released into the glomerular 
space. 

It has been suggested ° that protein molecules taken up by epithelium 
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are incorporated into existing cytoplasmic bodies, the lysosomes.’° How- 
ever, our observations that the earliest stages of accretion of proteinoid 
granules were independent of recognizable cytoplasmic organelles do 
not substantiate this proposal. Instead, it appeared that the macromole- 
cules were incorporated as fine particles and gradually coalesced to form 
the dense bodies observed by electron microscopy or the hyaline drop- 
lets noted with light microscopy. 

The fusion of foot processes has been emphasized in the descriptions 
of glomerular lesions in nephrosis.1'-?? Some features in the development 
of this lesion seemed to be revealed in the present study. It was noted 
that fusion of foot processes occurred only in limited areas and, when 
found, was associated with a watery, swollen epithelial cytoplasm and 
an ‘ironing out” of the interpedicellar spaces. This resulted in the dis- 
placement of the cell membrane against the basement membrane over a 
segment of the outer surface of the capillary wall. Thus, the fusion of 
foot processes may be viewed as the result of cytoplasmic swelling sub- 
sequent to the increased uptake or storage of glomerular filtrate fluid 
and protein. 

The alterations induced in these experiments were thought to be of a 
reversible nature, since no evidence of severe cell injury, proliferative 
reaction, exudation, or capillary obliteration occurred. All of the struc- 
tural changes were considered to be the result rather than the cause of 
albuminuria. The similarity of the glomerular alterations to those seen 
in pure nephrosis of human subjects indicates that these also may be due 
to albuminuria. 


SUMMARY 


Following the intraperitoneal injection of human serum albumin in 
rats, hyperproteinemia and marked proteinuria occurred. Light micros- 
copy revealed thickened glomerular capillary walls and PAS-positive 
droplets in both glomeruli and proximal convoluted tubules. Electron 
microscopy showed dense oval bodies believed to be protein aggregates 
in the glomerular epithelium with pale cytoplasmic swelling and focal 
fusion or obliteration of foot processes. These changes were considered to 
indicate an increased glomerular excretion of some of the injected al- 
bumin, followed by pinocytotic uptake of the macromolecules and fluid 
by the glomerular epithelium. This was associated with widespread 
cytoplasmic swelling and with focal “ironing out” of foot processes. 
The glomerular alterations were therefore interpreted as the result 
rather than the cause of albuminuria. Moderate increase in the cyto- 
plasmic content of oval dense bodies and of droplet-like formations of 
fine granules in proximal convoluted tubular epithelium were considered 
indicative of tubular reabsorption of protein from the glomerular filtrate. 
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LEGENDS FOR FIGURES 


1. Renal glomerulus in a rat receiving 3 per cent albumin intraperitoneally 
for two weeks. Swelling of the glomerular epithelium between capillary loops 
can be seen, and PAS-positive aggregates (X) are visible in the capillary walls. 
Periodic acid-Schiff stain. x 760. 


2. A glomerulus in an animal receiving albumin. Fine particulate material is 
noted in the glomerular space (X), and in the cytoplasm of glomerular epithelium 
(O). This is similar in particle size and density to the fine granules of plasma 
proteins in capillary lumens (C). At F a small area of fused foot processes is 
seen. The cytoplasm of glomerular epithelium also contains dense proteinoid 
aggregates (D). X 13,000. 
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Fic. 3. A portion of a glomerulus in an animal receiving albumin injections. The capillary 
loops (C) are patent, but glomerular epithelium (E) is swollen and contains dense intra- 
cytoplasmic aggregates (D), and the cytoplasm contains swollen, pale areas (X). The 
endothelium (END) is also swollen in some capillary loops. x 5,000. 
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Fic. 4. Focal fusion of foot processes (F) is evident. The cytoplasm of the glomerular 
epithelium (E) is swollen, containing light, loose areas of cytoplasm (L) and dense 
proteinoid aggregates (D). X 18,000. 

Fic. 5. Early stages in formation of dense aggregates are noted at X in the glomerular 
epithelial cell (E). A part of the lumen of a capillary (C) is manifest. x 13,000. 


Fic. 6. A more advanced stage of dense aggregate formation is evident in the glomerular 
epithelium (X). A glomerular capillary (C) and basement membrane (B) are shown in 
part, and a leukocyte (L) is present in the capillary. X 13,000. 


315 


316 ASHWORTH AND JAMES 


Vol. 39, No. 3 


Fic. 7. 


injections. Several vesicles (V) are observed in the cytoplasm and between adjacent cells. 
These contain a fine granular substance. The basement membrane (B) and a nucleus (N) 
of the epithelial cell are shown for orientation. X 13,000. 


Fic. 8. 


Portion of a proximal convoluted tubule. Dense oval bodies (D) are found in the 
cytoplasm. These are similar to the bodies encountered in the glomerular epithelium. 
They are readily differentiated from mitochondria (M), and there are no intermediate 
stages to indicate any relationship. Nucleus (N), basement membrane (B) and microvilli 
(MV) of the renal tubule are also shown. X 13,000. 


Ne 
Hl =A “portion of proximal convoluted tubular epithelium in an animal receiving albumin 


A HISTOLOGIC STUDY OF THE HUMAN SKIN AUTOGRAFT 


Laurence Henry, M.B., Cu.B., M.R.C.P.; Davm C. MarsHatt, M.D.; 
Ext A. Frizepman, M.D.; Donatp P. Gotpstern, M.D., ano Gustave J. Dammin, M.D. 


From the Departments of Pathology, Surgery and Medicine, 
The Peter Bent Brigham Hospital and Harvard Medical School, Boston, Mass. 


The successful transplantation of the kidney from one identical twin 
to the other * has demonstrated the technical feasibility of this procedure 
in man and has given hope that methods may be devised to make possi- 
ble the prolonged functional survival of a kidney transplant when donor 
and recipient are unrelated.” In the preoperative investigation at the 
Peter Bent Brigham Hospital of twins who may be identical, skin grafts 
are exchanged between the prospective donor and recipient, and are ex- 
amined grossly and histologically to determine the genetic relationship 
of the pair.*:* In order to help in the interpretation of these biopsy speci- 
mens, a study has been made of a series of skin homografts exchanged 
between pairs of normal male volunteers. As an integral part of this 
study, autograft controls were placed beside each homograft, and biopsy 
was made at similar intervals. In this way, a total of 18 autografts have 
been examined by serial biopsy, and this paper reports the histologic 
changes in these grafts during the first 12 days. The findings in the skin 
homografts will form the substance of a later communication. 


METHODS 


Full thickness grafts were taken from the inner aspect of the upper arms of normal 
male volunteers. The plane of dissection was such as to leave a “pig-skin” appear- 
ance on the under surface. The grafts were placed in that area on the same arm 
from which the prospective homograft had been taken and held in position by 5-0 
nylon sutures. A dressing of sterile gauze or of nonadherent plastic was applied and 
the graft inspected daily. Wedge biopsy of the superficial portions of the graft was 
taken at appropriate intervals, and occasionally the graft bed was examined. Full 
details of the techniques and procedures will be reported elsewhere. The biopsy 
material was fixed in 10 per cent buffered formalin, processed in paraffin, and 
sections were cut at 5 yw. The stains employed were hematoxylin and eosin, Verhoeff’s 
elastic tissue stain with van Gieson counterstain and the periodic acid-Schiff (PAS) 
and methyl green-pyronine methods. 
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RESULTS 


Immediately after being placed into position, the autograft was flat 
and had an opaque, pallid appearance. Some vascular connections were 
established as early as the first day in some cases, and the.graft became 
pink but did not blanch upon pressure. The mean time for establish- 
ment of a vascular supply was 2.1 days, as indicated by the first day 
of bleeding on biopsy. By the second or third day, blanching on pres- 
sure occurred and bleeding was quite brisk. The superficial ecchymosis 
seen at this time seemed related to the surgical trauma at the time of 
grafting and to variations in capillary fragility. In the graft following 
an uncomplicated course, vascularization was complete by the fifth or 
sixth day. After the second day, the graft became edematous, but both 
this and the ecchymosis resolved as the circulation was restored. The 
graft surface occasionally showed some blistering during the latter part 
of the first week, due to the shedding of dead epidermis. The surround- 
ing erythema also present at this time was probably a reaction to the 
suture material but slowly disappeared as healing took place and the 
sutures were removed. 

Subsequent events largely depended upon the rapidity of revascular- 
ization. In the full-thickness grafts used in this study, the ‘“‘plasmatic 
circulation” was frequently insufficient to maintain the integrity of the 
epidermis completely, and during the first 3 days some degree of ischemic 
damage was usually seen histologically. As the blood supply became es- 
tablished, the graft eventually recovered, but it was not generally ap- 
preciated that during this period total necrosis of the epidermis might 
occur. During the first 6 days, therefore, the effects of the ischemia, 
the resulting cellular infiltration, and the processes of revascularization 
and repair might present a confusing histologic appearance. In order 
to emphasize the effect of these changes, the 18 autografts were divided 
into 4 groups on a basis of the severity of the early epidermal damage. 
In 8 cases this was mild and recovery rapid, but in a further 5 the is- 
chemia was more severe. In 4 instances, vascularization was delayed, 
with resulting total or almost complete necrosis and separation of the 
epidermis, but with ultimate recovery. The remaining graft became ne- 
crotic from an underlying hematoma. It was not felt that the removal of 
multiple biopsy specimens from a graft materially delayed its healing. 


First Group 


In the first group, the epidermal changes were confined to a mild 
spongiosis and cell vacuolation with a few dead cells which were rapidly 
shed. The epidermal “basement membrane” remained intact. The ap- 
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pendages showed early degeneration with a mild neutrophil leukocytic 
response. The sebaceous glands were the most sensitive to anoxia, but 
the sweat glands were also affected, and the hair follicles and the “epi- 
dermal sweat duct units” became necrotic on occasion in the presence 
of a normal epidermis. The smooth muscle fibers were least affected. 
The elastic tissue pattern was normal. Commencing on the second day 
there was a slight but diffuse neutrophil infiltration in the dermis, re- 
solving as the circulation returned. The superficial capillaries collapsed 
during the first two days but retained their endothelial nuclei. Revascu- 
larization commenced by the second day and was complete by the fifth, 
with subsequent resolution of the ischemic changes. During this process, 
the superficial capillaries occasionally showed transient dilatation. 
Fibroblasts and new capillaries could be seen as early as the seventh day, 
and thereafter the graft had a normal appearance. 

Autograft 1. The epidermis remained intact with only slight spon- 
giosis during the first 3 days, and death of the superficial cells occurred 
on day 4. Thereafter it was normal except for the sweat ducts which 
remained necrotic until the eighth day. Up to the fourth day, the append- 
ages showed slight degenerative changes, and there was an accumu- 
lation of neutrophils in the sebaceous glands. In addition, there was a 
mild diffuse neutrophil infiltration into the dermis and some superficial 
edema, both resolving by the fifth day. On the second day the superficial 
capillaries were dilated with stagnant blood. Revascularization pro- 
ceeded rapidly and was complete by the sixth day. The appendages re- 
turned to normal by the eighth day. The dermal collagen and the elastic 
tissue pattern were unchanged. Fibroblasts were seen in the deeper layers 
on day 7, and thereafter the graft was normal. 

Autograft 2. The epidermis was normal at all times, apart from slight 
spongiosis for the first 3 days. The basement membrane remained in- 
tact. The sweat glands showed mild degenerative changes until the 
fourth day, and the hair follicles and smooth muscle were normal. The 
mild neutrophil infiltration into the dermis resolved by the fourth day 
except in relation to the sebaceous glands which showed slight ischemic 
damage. The dermal collagen and elastic tissue remained normal. The 
superficial capillaries were dilated on the second day, with pyknosis of 
the nuclei of the endothelial cells. Revascularization commenced at this 
time and proceeded smoothly, the graft being normal subsequent to the 
fifth day. 

Autograft 3. On the third and fourth days there was death of the su- 
perficial layers of the epidermis which were shed on the fifth day. The 
sebaceous and sweat glands showed slight degeneration but with no 
leukocyte response even in the dermis, There was some superficial 
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edema, but this resolved by the fifth day. Vascularization was accom- 
plished by day 6, and fibroblasts were seen in the deeper layers on the 
tenth day (Fig. 14). 

Autograft 4. The graft showed no ischemic damage, and vasculariza- 
tion was complete by day 4, after which it had a normal appearance. 

Autograft 5. The epidermis was normal on the fourth day, apart from 
an abnormally accentuated stratum corneum. The appendages were nor- 
mal, but there was some ecchymosis and neutrophil infiltration into the 
dermis. Biopsy on day 8 showed the graft to be fully vascularized, and 
there was shedding of the superficial epidermis. Some fibroblastic ac- 
tivity was present in the deeper layers which was more marked on the 
twelfth day when the graft had returned to normal. 

Autograft 6. The epidermis showed no ischemic changes until day 4, 
by which time the superficial layers had died and were being shed. A few 
neutrophils seen in the upper dermis and in relation to degenerating 
sweat glands were not present on the fourth day. Revascularization was 
not complete until the fifth day, and fibroblasts were present on day 7. 
Many of these fibroblasts showed cytoplasmic pyroninophilia as did a 
proportion of the mononuclear cells in the deeper layers. 

Autograft 7. On the second day, there were mild ischemic changes in 
the rete pegs and some ecchymosis and neutrophil infiltration in the 
dermis. A few of the capillaries were dilated, but on the fourth day the 
graft was normal, with complete revascularization although some areas 
of degenerated superficial epidermis were being shed. On the eighth day, 
the graft was normal, and a biopsy of the junctional area showed fibro- 
blastic union of the graft and host tissues, with continuity of the epi- 
dermis (Fig. 12). 

Autograft 8. On the third day the epidermis was somewhat thin but 
virtually normal, apart from an accentuated stratum corneum. Vascu- 
larization began on day 2 and was complete by day 5. The appendages 
remained intact, and little neutrophil infiltration was seen in the dermis. 


Second Group 


In the second group, consisting of 5 grafts, the changes were more 
severe. There were localized areas of epidermal necrosis involving either 
the whole thickness or the superficial layers only, with associated neu- 
trophil infiltration and epidermal separation. The earliest changes were 
found in the rete pegs. The basal layer of cells was rapidly reconsti- 
tuted, and by the sixth day the epidermis was essentially normal, al- 
though the dead portions remained for a few days more. The epidermal 
“basement membrane” remained intact, and the elastic tissue was un- 
altered. The appendages showed more severe changes, and the leukocytic 
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response was more marked than in the first group of grafts. Considerable 
edema was present in the upper dermis until the fifth day. On the second 
day, a moderately severe neutrophil infiltration was seen, and there was 
a great deal of amorphous nuclear debris in the dermis. Both this in- 
filtrate and the edema resolved as the circulation was re-established. This 
usually commenced on the second day and was complete by the sixth 
day or earlier. During revascularization there was more dilatation of the 
superficial capillaries; these may have been related to the areas of epi- 
dermal necrosis, indicating that the blood supply was restored in an 
uneven manner. The capillary endothelial cells could be lost initially but 
were later noted to have regenerated. Fibroblasts and new blood vessels 
were seen at the base of the graft as early as the sixth day in some in- 
stances. 

Autograft 9. In the first 2 days, some degeneration of the rete pegs 
and basal cells was seen. By the fourth day there were scattered areas 
of epidermal necrosis with neutrophil infiltration but no separation from 
the dermis. By the sixth day recovery was almost complete, with only 
the superficial layers dead, but in some areas where revascularization 
was delayed the epidermis was still represented by only a single layer 
of flattened cells. The basement membrane was normal. The appendages 
showed severe degenerative changes with a leukocytic response in the 
glands and in the surrounding dermis. There was, in addition, a marked, 
diffuse neutrophil infiltration into the dermis, commencing on the sec- 
ond day and maximal on the fourth (Fig. 13). This resolved as the 
circulation returned, as did the concomitant edema. On the second day, 
the superficial capillaries were collapsed, with a loss of the endothelial 
nuclei; subsequently they became markedly dilated until vasculariza- 
tion was complete, on the sixth day. Fibroblasts were seen in the graft 
on the sixth day. 

Autograft ro. For the first 4 days, the epidermis remained normal, 
apart from slight cell vacuolation, but biopsy on the fifth day showed a 
surprising degree of ischemic damage. Presumably the biopsy specimen 
was taken from an area where vascularization had been delayed. The 
epidermis was dead and had separated from the dermis with a consid- 
erable neutrophil infiltration. Circulation was fully restored by the sixth 
day, by which time the epidermis had returned to normal and patent 
blood vessels could be seen in the dermis (Fig. 11). Considerable edema 
and leukocytic infiltration were seen in the dermis up to the fifth day. 
Fibroblasts and new blood vessels appeared in the deeper layers on day 6. 

Autograft 11. By the third day, there were areas of epidermal death, 
with separation from the dermis and mild degeneration of the “base- 
ment membrane.” The appendages showed a lesser degree of damage. 
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Neutrophil infiltration of the graft was seen as early as the first day and 
by the third had become profound with a great deal of nuclear debris 
scattered in the dermis. This exudate had resolved by the sixth day. The 
superficial capillaries retained their endothelial cells but on the fourth 
day were dilated with blood and there was much dermal ecchymosis (Fig. 
10). Vascularization was complete by the fifth day, and a few fibroblasts 
were seen by day 6; thereafter the graft was normal. 

Autograft 12. The graft showed little damage up to the fifth day (Figs. 
1 and 2), but on the seventh, biopsy showed an area of dead epidermis. 
A few neutrophils were seen in the dermis, but subsequent to the eighth 
day the graft was normal, apart from a superficial layer of dead epi- 
dermis being shed. Fibroblasts were seen on day 10 and showed a marked 
cytoplasmic pyroninophilia. 

Autograft 13. This graft was not examined by biopsy until the fourth 
day when the epidermis showed evidence of moderate damage from 
which it was beginning to recover. In areas, the superficial layers were 
dead, with leukocytic infiltration but no epidermal separation. Revascu- 
larization was almost complete. Recovery was somewhat delayed, and 
on the eighth day some areas of dead epidermis were still seen, but by 
the twelfth day the graft was normal, with some fibroblastic activity in 
the deeper layers. 


Third Group 


In the third group of 4 grafts the early ischemic damage was extremely 
severe. During the first 2 days, spongiosis, vacuolation and cell death 
occurred, especially in the rete pegs. Subsequently, the necrosis might 
extend to involve the whole epidermis, with areas manifesting infiltration 
and separation from the dermis. Even in the less severely affected areas, 
extensive cell death was seen. The epidermal “basement membrane” 
remained intact and could still be identified on the exposed dermal sur- 
face even when epidermal separation occurred, though it might be found 
to stain more diffusely. The dermal appendages also degenerated, and 
there was an intense neutrophil infiltration into the dermis which did not 
resolve until vascularization was complete. The smooth muscle bundles 
showed some separation of the individual fibers, but there was little 
leukocytic response. The superficial edema might be marked in the 
early stages; this disappeared by the sixth day. The elastic tissue showed 
some fragmentation of the fine subepidermal fibers, but the damage was 
neither constant nor marked. Vascularization commenced on the second 
day, progressed slowly and, in some instances, was not complete even 
by the seventh day. During this period, the capillaries were dilated and 
the endothelial cells lost, although the capillary “basement membrane” 
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remained intact. As the circulation returned, these cells reappeared and 
the dilatation was no longer seen. The basal layer of epidermis was re- 
constituted as a layer of flattened cells spreading over the dermal sur- 
face. These originated in either surviving areas of epithelium or from the 
appendages. Once this layer was complete, a new epidermis was rapidly 
formed with normal orientation, and the former dead epidermis was shed. 
The ingrowth of fibroblasts and new capillaries was somewhat delayed 
in this group. 

Autograft 14. Even on the first day the graft showed areas of epi- 
dermal necrosis in the rete pegs (Fig. 3). This became more severe until 
on the fifth day the whole epidermis was completely dead. The append- 
ages all degenerated with considerable leukocyte response. The super- 
ficial capillaries collapsed during the first 4 days, and the endothelial 
cells degenerated. Vascularization commenced on the third or fourth day, 
and on the fifth the capillaries were dilated with blood. These could still 
be seen on the seventh day, indicating that the return of the circulation 
was not yet complete. At this time, the basal layer of epidermis was rep- 
resented by a single layer of flattened cells, and the dead epidermis was 
being cast off. The appendages were recovering and the neutrophil in- 
filtration resolving, but the graft had by no means returned to normal. 

Autograft 15. On the second day, severe ischemic changes could be 
seen in the rete pegs, and on the third the whole epidermis was dead and 
separating from the dermis (Fig. 4). The “basement membrane” could 
still be identified on the dermis, but was broader and stained more dif- 
fusely. The dermis showed a marked infiltration with neutrophils, some 
of which were invading the dead epidermis. Vascularization commenced 
on the second day but proceeded slowly, and dilated blood vessels were 
still seen in the upper dermis as late as the fifth day. At this time, the 
epidermis showed signs of recovery. The basal layer consisted of flat- 
tened cells, and the dead epidermis was being shed (Fig. 5). The ap- 
pendages were recovering and the leukocytic infiltrate resolving. The 
elastic tissue maintained a normal pattern (Fig. 6). By the eighth day 
a new epidermis had been formed and the graft was essentially normal 
(Fig. 7). 

Autograft 16. On the second day, the graft showed patchy but severe 
damage, involving the whole thickness of the epidermis in some areas, 
and only the superficial layers in others. There was a leukocytic response 
in the underlying dermis, which resolved by day 5. By the fourth day 
revascularization was progressing. The basal layer of epidermis was in- 
tact, though only one cell thick in places, and the appendages showed 
degenerative changes. The elastic tissue pattern, however, remained 
normal. The epidermis was rapidly reconstituted, and by the eighth day 
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the graft, fully revascularized, was normal, apart from the dead epi- 
dermis overlying the newly formed epithelium (Fig. 9). 

Autograft 17. Severe ischemic changes were seen on the second day. 
The epidermis was necrotic in some areas, degenerated in others, and 
showed severe spongiosis and cell vacuolation in the remaining areas. 
The superficial blood vessels were grossly dilated and had lost the endo- 
thelial cells. There was a diffuse neutrophil infiltration into the upper 
dermis. By the fourth day the basal layer had been reformed, but there 
was a marked dermal infiltrate and the capillaries were still dilated. The 
epidermal “basement membrane” (Fig. 8) and elastic tissue were nor- 
mal in spite of the extensive epidermal damage. By the eighth day, re- 
vascularization was complete and the epidermis was normal, apart from 
a superficial layer of dead cells. The leukocytic infiltrate had resolved 
and the appendages were normal, but there was no evidence of fibro- 
blastic activity in the deeper layers at that time. 


Fourth Group 


Autograft 18. In the remaining graft, a large hematoma had formed 
beneath the graft. Necrosis was rapid and in 3 days the dead epidermis 
had separated from the graft. The dermis showed degeneration of the ap- 
pendages and collagen bundles, with a mild neutrophil infiltration. By 
the fourth day the graft was completely necrotic. However, the epidermal 
“basement membrane” still remained on the dermis, and the fine pattern 
of subepidermal elastic fibers, although fragmented somewhat, was still 
identifiable. 


DISCUSSION 


When the autograft has been placed into position, a fibrin clot forms 
beneath the graft. Vascular connections are not re-established for one 
to several days, and during this period the nutrition of the graft is de- 
pendent upon a “plasmatic circulation” from the graft bed. The efficiency 
of this circulation will be conditioned by the thickness of the graft, the 
density of the dermal collagen, and the extent of the underlying clot. 
The concept of a “plasmatic circulation” has recently been questioned 
by Converse, Ballantyne, Rogers and Raisbeck.® These authors im- 
planted rabbit skin onto the chorio-allantoic membrane of chick em- 
bryos. During the first 20 hours there was an average increase in weight 
of the grafts of 52 per cent. They suggested that this was due to the im- 
bibition of fluid rather than a true circulation and would thus explain 
the edema seen grossly and histologically during the first few days. The 
resolution of this edema would therefore coincide with the completion 
of vascularization, which was confirmed in the present study. However, 
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the vascular dilatation, capillary degeneration, loss of neural supply and 
the inflammatory response to the tissue damage all tended to produce 
edema, and it was difficult to incriminate any single factor. 

In any event, the nutrition of the graft remains precarious until it is 
vascularized, and this temporary period of anoxia results in varying de- 
grees of epidermal degeneration. In some cases this may progress to com- 
plete necrosis, but if thereafter the circulation is restored, even these 
grafts will recover rapidly. The basal layer was reconstituted from ele- 
ments of surviving epithelium with the formation of a new epidermis 
and a shedding of the old. The epidermal “basement membrane” re- 
mained intact. Even in the presence of epidermal separation, it could 
still be identified on the superficial aspect of the dermis, although it 
might stain more diffusely. As a structure, it was more intimately asso- 
ciated with the dermis than with the epidermis; this has been confirmed 
by electron microscopic studies.® 

The changes in the appendages largely mirrored those in the epider- 
mis. The sebaceous glands were the most severely damaged, showing 
early degenerative changes, with an almost invariable neutrophil re- 
sponse within the glandular basement membrane. The sweat glands were 
also affected, especially where the sweat duct traversed the epidermis, 
forming the “epidermal sweat duct unit.” The hair follicles were less 
sensitive, and the smooth muscle bundles rarely showed more than nu- 
clear pyknosis and separation of the individual fibers. 

Some degree of leukocytic infiltration into the dermis was always 
present. These cells were first seen in the lower layers of the graft on 
the second day and usually reached a maximum by the fourth day when 
they might be present in considerable numbers. The infiltrate resolved 
as revascularization proceeded and usually could not be seen after the 
fifth or sixth days. The collagen remained normal, but there was a great 
deal of amorphous basophilic debris in the dermis, presumably nuclear 
in origin. The elastic tissue pattern remained intact, but in the grafts 
showing extreme epidermal necrosis the fine pattern of subepidermal 
fibers might be disrupted. 

The superficial capillaries in all grafts were collapsed immediately 
after grafting, with pyknosis or loss of the nuclei of the endothelium 
but preservation of the capillary basement membrane. Vascularization 
usually commenced on the second or third day, but sluggish bleeding on 
biopsy could be seen as early as 24 hours. The process was complete on 
the fifth or sixth day, in accord with the findings of Converse and Rapa- 
port’ and Taylor and Lehrfeld® who observed the superficial vessels 
by stereomicroscopy. During this process the superficial capillaries were 
dilated with stagnant blood. Medawar® suggested that there were 
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“wound vessels,” fragile capillaries growing in from the graft bed and 
later degenerating. However, the vessels noted appeared too early for 
this to be so, and were more likely the original graft capillaries which 
linked up with capillary loops from the bed by the ill-defined process 
of “inosculation.” *°** As one end of a capillary loop was connected at 
first, the vessel dilated widely with blood and remained so until the 
circulation was restored fully. Histologically, the disappearance of such 
dilatation was taken to indicate the completion of vascularization. No 
empty “rings” of capillary “basement membrane” could be seen during 
this process, and it was postulated that the endothelial lining was re- 
constituted by growth along existing channels. It was not possible to 
determine whether these cells arose from capillaries in the graft bed or 
from surviving elements in the graft blood vessels. 

A similar process was also likely in the case of the lymphatic vessels. 
Scothorne ** showed that up to the fourth day the graft lymphatics could 
not be filled from the host vessels. On the fifth day, however, India ink 
injected into the host lymphatics fully outlined a mature pattern of 
lymph vessels in the graft. This would suggest that the host lymphatics 
linked up with the original system of lymph vessels in the graft. Fibro- 
blasts and new capillaries were seen in the lower layers of the graft as 
early as the sixth day in some cases. The previous ischemic damage was 
made good, the graft became firmly united to the bed by the tenth or 
twelfth day ** and thereafter was essentially normal. 

The methyl-green-pyronine stains were of value in demonstrating the 
cytoplasmic pyroninophilia in many of the actively growing fibroblasts 
seen in the deeper layers after the first week. Other mononuclear cells 
also took up the stain, but they could not be identified as plasma cells. 
These findings in the autograft are of importance when interpreting the 
presence of similar cells during homograft rejection. 

Thus it must be emphasized once more that the histologic changes 
seen in these autografts reflect varying degrees of ischemic damage in- 
curred during the first few days. This damage is mild in about half of 
the cases. The grafts eventually become revascularized, and by the sixth 
day all show signs of recovery, although stigmas of the previous injury 
may persist for a few days more until a normal appearance is regained. 


SUMMARY 


The histologic alterations during the first 12 days of grafting were 
studied in a series of 18 autografts in normal human volunteers. The 
early ischemic changes, the cellular infiltration, and the processes of 
revascularization and repair are described. During the early stages these 
changes produce a confusing histologic appearance. The skin homo- 
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graft may also show these features before the specific rejection pattern 
appears. If the skin graft is used for clinical studies, therefore, it is 
advisable to delay biopsy of the graft until at least 6 days after grafting, 
when these nonspecific changes have resolved. 
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LEGENDS FOR FIGURES 


Except where indicated, photomicrographs were prepared from sections stained 
with hematoxylin and eosin. 


Fic.1. Graft 12, day 3. The epidermis is normal apart from a prominent stratum 
corneum. A normal sweat duct is shown. X 80. 


Fic. 2. Graft 12, day 5. The epidermis has suffered some mild ischemic damage in 
the superficial layers but is essentially normal. Vascularization is in progress 
and the dermis contains only scattered neutrophils. x 80. 


Fic. 3. Graft 14, day 2. The earliest ischemic changes appearing in the graft are 
seen in the rete pegs. X 160. 


Fic. 4. Graft 15, day 3. The epidermis is almost dead and has separated from the 
dermis. The changes are most marked in the rete pegs while the superficial 
layers still show some surviving cells. There is mild leukocytic infiltration into 
the dermis and small, dilated blood vessels are present. X 160. 
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Fic. 5. Graft 15, day 5. The epidermis is now completely dead and is being reconstituted by 
a layer of flattened epithelial cells covering the denuded surface of the dermis. There is a 
mild neutrophil infiltration in the deeper layers of the dermis. X 40. 


Fic.6. Graft 15, day 5. Although the epidermis is necrotic, the fine pattern of subepidermal 
elastic fibers is maintained remarkably well. Verhoeff’s elastic tissue stain. X 160. 


Fic. 7. Graft 15, day 8. The dead epidermis seen on day 5, has now been shed and a normal 
epidermis has been reconstituted from surviving epithelial elements. x 8o. 


Fic. 8. Graft 17, day 4. The epidermis shows severe necrosis, but the epidermal “basement 
membrane” can still be identified. Dilated blood vessels can be seen in the superficial 
dermis, with maintenance of the capillary “basement membrane” but loss of the en- 
dothelial cells. Periodic acid-Schiff stain. x 160. 
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Fic.9. Graft 16, day 8. The graft showed severe ischemic damage in the early stages with 


death of the epidermis. By the eighth day a new epidermis has been formed with shedding 
of the dead epithelium. X 4o. 


Fic. 10. Graft 11, day 4. Ecchymosis and dilated blood vessels in the upper layers of the 
dermis are evident. X 160. 


Fic. 11. Graft 10, day 6. The epidermis is normal and patent blood vessels lined by endothelial 
cells are manifest in the dermis. X 80. 


Fic. 12. Graft 7, day 8. Biopsy was made at the junction between the graft and the host 
tissues. The epidermis is continuous, and the fibroblastic union between the graft and its 
bed makes it difficult to identify the line of union. x 40. 
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Fic. 13. Graft 9, day 4. There is a marked diffuse infiltration by neutrophils into the dermis 
and in relation to the necrotic sebaceous glands and hair follicles. x 80. 


Fic. 14. Graft 3, day 11. The graft has now become fully revascularized and is being united 
to the graft bed by fibroblasts growing into the deeper layers of the dermis. x 80. 
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TWO KINDS OF “CLEAR” CELLS IN THE HUMAN EPIDERMIS 


Wiru a Report or A Mopiriep Dopa REACTION 
FoR ELECTRON MICROSCOPY 


Wattace H. Crark, Jr., M.D.; Mitprep C. Watson, MS., 
Ben E, M. Watson, Pu.D., M.D. 


From the Department of Pathology, Tulane University School of Medicine, 
New Orleans, La. 

Previous studies have shown that the human epidermis and hair fol- 
licle are compound tissues composed of two distinctive cellular systems: 
the keratin synthesizing cells (keratinocytes) and the melanin synthe- 
sizing cells (melanocytes) .'*° However, it is not always easy to differ- 
entiate these two kinds of cells with confidence in hematoxylin and eosin- 
stained preparations of the epidermis. The melanocytes of the epidermis 
are often identified with the “clear” cells normally distributed intermit- 
tently among the basal cells of the skin. Certain investigators have ob- 
jected to this identification, pointing out features in “‘clear” cells that 
suggest that they are no more than altered basal cells.**?" This paper 
will present evidence that there is some merit in both of these views, 
since the “clear” cells that are seen in conventional sections of the hu- 
man epidermis are of two distinct kinds, one being the true melanocyte 
and the other a shrunken basal cell. Due to shrinkage artifacts, both of 
these cells have an empty or clear space in the region normally occupied 
by the cytoplasm. Consequently, the two kinds thus present an almost 
identical appearance in the usual paraffin section of formalin-fixed skin. 
Recognition that there are two distinct types of “clear” cells should help 
resolve some of the sharp differences in opinion in the recent literature 
concerning the nature of the epidermal melanocyte.’*:*?>** In addition 
to describing the features which distinguish the two types of cells, this 
paper describes a modification of the dopa reaction adapted to electron 
microscopy.® 

We are indebted to Masson for his concepts concerning the histo- 
genesis of nevi and the nature of the human epidermal melanocyte. He 
regarded the melanocyte as a distinctive cellular element normally pres- 
ent in the epidermis. Many of his ideas are covered in the reviews he 
published in 1948 and 1951.’*° The embryologic experiments of Rawles 


This study was supported by grants from the National Institutes of Health, A-1150, 
C-4744, and SF-416, United States Public Health Service. 
Accepted for publication, May 6, 1961. 


333 


q 
g : 


334 CLARK, WATSON AND WATSON Vol. 39, No. 3 


have been accepted by the majority of workers in the field as indicating 
that the mammalian melanocyte is derived from the neural crest.7* The 
ideas of Allen and Spitz concerning the nature of melanocytes are at 
variance with the views of Masson, Billingham and others, as Allen and 
Spitz regard the melanocytes as derivatives of ordinary epidermal 
cells.2!-*3 A complete review of the literature since 1927 concerning the 
melanocyte has been presented by Horstmann.”* 

Over the years many terms have been introduced to describe the vari- 
ous cells and other structural features of the epidermis. Many of these 
terms have been used in somewhat different and overlapping senses by 
light microscopists, and still further ambiguities have arisen from at- 
tempts to employ the same terminology to describe the more detailed 
morphologic features revealed by electron microscopy. The terminology 
used in this paper will follow that agreed upon at the Third Conference 
on the Biology of Normal and Atypical Pigment Cell Growth ** and also 
follows suggestions by Pillsbury, Shelley and Kligman,”’ Selby ** and 
Odland."* The more important terms are defined below. Although the 
terms “melanoblast” and “melanophore” are not used in the main body 
of this paper, they are defined in order to distinguish them from “melano- 
cyte.” 

Melanocyte (dendritic cell, clear cell of Masson )**: a mature, melanin- 
producing cell. 

Melanoblast**: an embryonic cell potentially capable of producing 
melanin. 

Melanophore (chromatophore): a pigment-effector cell found in cer- 
tain non-mammalian species. These cells can bring about changes in skin 
color as a result of alterations in the dispersion of pigment granules and 
not because of an increase or decrease in the quantity of melanin.”® 

Tonofilaments**: delicate, filamentous structures about 60 A wide, 
which are present in the cytoplasm of keratinocytes. These are thought 
to be precursors or “unit fibers” of keratin. Small bundles of tonofila- 
ments form a tonofibril. 

Attachment zone or desmosome **: a complex structure occurring pe- 
riodically along the interface between two keratinocytes. It is composed 
of paired, apposed bundles of tonofilaments that insert into but do not 
cross the cell membrane; specialized electron-dense regions of the two 
cell membranes (attachment plaques) which receive the tonofilament 
bundles; and several laminas of material between the attachment plaques 
sometimes referred to as “intercellular cementing material.” The exact 
nature of the “intercellular cementing material” is not understood. Kar- 
rer has presented evidence that similar structures in the epithelium of 
the uterine cervix are actually part of the cell membrane.”® The attach- 
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ment zone corresponds to the structure known in light microscopy as 
the “intercellular bridge.” In spite of the resemblance of this structure 
to an intercellular filament, it is actually an artifact produced by fixation 
shrinkage with retraction of adjacent cell membranes away from one 
another at all points except where they are firmly attached. 
Keratinocyte (malpighian cell)*": a keratin-synthesizing cell; the or- 
dinary squamous epithelial cell of the epidermis, including the basal cell. 


MATERIAL AND METHODS 


Normal skin from 9 Caucasian volunteers was removed from the left upper quad- 
rant of the abdomen. The tissue was put immediately into 1 per cent formalin, 
buffered at pH 7.4 with veronal-acetate. The epidermis was trimmed from the dermis 
and cut with a razor blade into strips about 0.1 cm. wide. After 1 hour fixation, the 
tissues were divided into 2 groups. One group was incubated for 6 hours at 37° C. 
in a 1:1000 solution of dl-3,4 dihydroxyphenylalanine (dopa) at pH 7 while the 
controls were incubated in buffer solution without dopa. After the first hour of in- 
cubation, the tissues were placed in fresh dopa and buffer solutions. 

The dopa reaction is somewhat capricious and not always successful. If the 
reaction develops properly, the dopa solution usually acquires a dark gray appearance 
after 1 hour of incubation with the tissue. If it still has a pink hue at this time, tissue 
staining will not be satisfactory. Poor results are usually due to failure to maintain 
the pH of the buffer solution at 7. 

After incubation was completed, some tissues from both groups were removed 
for the preparation of conventional hematoxylin and eosin-stained sections. The 
remaining pieces of epidermis were transferred to Palade’s buffered osmium tetroxide 
for 2 to 4 hours’ further fixation. After fixation, the tissues were dehydrated in a 
graded series of methanols and embedded in methacrylate. Thereafter, our method 
of preparation of human epidermis for electron microscopy was as described in a 
previous publication.* 


OBSERVATIONS 


Preliminary fixation in formalin and incubation at 37° C. for 6 hours 
is not ideal for the preservation of normal structure, but a surprising 
amount of detail is preserved. The most significant artifacts produced 
by this method are shrinkage of cytoplasmic filaments, mitochondrial 
swelling, and disruption of some cell membranes. 


Tissues Incubated in Buffer 


The nuclei of dendritic cells are usually located in the deepest layer 
of the epithelium between two basal cells. Their cytoplasm frequently 
bulges into the dermis, but is always separated from the dermis by the 
basement membrane. The relatively numerous mitochondria, the more 
complex endoplasmic reticulum, the branching cytoplasmic processes, 
the absence of tonofilaments, and the absence of attachment zones in the 
cell membranes of the dendritic cells distinguish them clearly from the 
basal cells and other keratinocytes. In addition, in these preparations, 
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the dendritic cell cytoplasm is altered in a characteristic fashion. The 
space which the cell occupies retains its approximate size and shape, but 
the cytoplasm of the dendritic cell shrinks and pulls away from its con- 
tact with neighboring cells to form a thin layer intimately applied to 
the nucleus. This leaves an empty, clear zone between the perinuclear 
mass of cytoplasm and the neighboring cells (Figs. 3 and 4). The den- 
dritic processes of the cytoplasm, however, often fail to retract and are 
seen as thin protoplasmic bands traversing the clear space to insert 
peripherally between adjacent keratinocytes (Fig. 2). 

The cytoplasm of the keratinocyte is most easily recognized by its 
fibrillary appearance. The fibrils are tonofilaments or bundles of tono- 
filaments. The fine structure of this cell has been described in detail in 
a number of publications.’*:"**°** The keratinocytes observed in this 
study showed characteristic alterations apparently due to incubation 
with formalin fixation. The cytoplasm usually exhibited considerable 
shrinkage, but in contrast to the dendritic cells, the cytoplasm and cell 
membranes remained attached to neighboring cells and pulled away from 
the cell nucleus. A clear space was thus left between the nucleus and its 
cytoplasm and not around the periphery of the cytoplasmic membrane 
as in the case of the dendritic cell (Figs. 3 and 4). 


Tissues Incubated in Dopa 


The only differences between tissues incubated in dopa and control 
tissues were noted in the dendritic cells. The cytoplasm both in the peri- 
karyon and in the dendrites, was diffusely darkened (Figs. 1 and 2). 
This resulted in a striking contrast between the dendritic elements and 
the neighboring epithelial cells. Many dendritic cells contain melanin 
granules even without incubation, but in the dopa-incubated cells the 
melanin granules were larger, more uniform, more regular in outline and 
increased in number (Fig. 2). No alteration in the cytoplasm or melanin 
granules of the keratinocytes could be seen when compared with similar 
cells in control preparations. 


Observations with the Light Microscope 


In transverse sections of Caucasian skin, where melanin synthesis is 
active, the melanocyte may be a distinctive cell. Its dendrites are easily 
seen and, occasionally, its nucleus and perikaryon can be identified (Fig. 
5). However, in conventional skin sections and in the sections of control 
tissues in this experiment, it was difficult to identify melanocytes. Some 
cells in or near the basal layer did have a “clear” area in the region of 
the cytoplasm (Fig. 6). The dopa reaction indicated that some of these 
“clear” cells were dopa-positive and others were dopa-negative. The 
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dopa-positive cells showed darkened dendrites extending from the peri- 
nuclear cytoplasm. The cytoplasm of many of the “clear” cells, however, 
was not darkened after the dopa reaction. It follows that there must be 
two kinds of “clear” cells: “clear” melanocytes and “clear” keratino- 
cytes. 

After this difference was disclosed by examining the electron micro- 
graphs and dopa preparations, one could usually distinguish between 
“clear” keratinocytes and “clear” melanocytes when restudying the con- 
trol light microscopic preparations. Sometimes the narrow, collapsed 
perikaryon of the melanocyte could be seen around the nucleus, and fre- 
quently a delicate, pale tan dendrite was identified leaving the perikaryon 
(Fig. 6). The “clear” keratinocytes, on the other hand, showed no cyto- 
plasm surrounding the nucleus and no dendrites. The cytoplasm of these 
cells had pulled away from the nucleus, leaving a naked nucleus partially 
surrounded by a factitial clear space. Even on the basis of this knowl- 
edge, the accurate differentiation of melanocytic “clear” cells from kera- 
tinocytic “clear” cells was not always easy. 


DIScuSssION 


As late as 1948, most histologists regarded the epidermis as a homo- 
geneous tissue composed only of epithelial cells.* Since that time, how- 
ever, impressive evidence has accumulated to show that it contains both 
melanocytes and keratinocytes. Prior to electron microscopic studies, 
much of the evidence was presented by Billingham*? and Medawar,* 
using “‘skin splitting” techniques and the dopa reaction. In their studies 
the epidermis was separated from the dermis by pancreatic enzymes, and 
the sheets of viable epidermis were investigated after the dopa reaction. 
They described and illustrated the melanocyte as a cell with cytoplasm 
composed of a perikaryon and dendrites. The dendrites arising from the 
perikaryon usually extended for a variable distance parallel to the dermo- 
epidermal interface before turning outward to travel between the cells 
of the basal layer. Each dendritic branch terminated in a flattened swell- 
ing applied to a malpighian cell (keratinocyte). These observations have 
been confirmed by Szabé,* Breathnach,® and Staricco and Pinkus.* The 
existence of a distinctive dendritic cell has also been confirmed by sev- 
eral electron microscopists.*?"!*"* The positive dopa reaction exhibited 
by the dendritic cells in the electron microscope preparations in the pres- 
ent investigation further identified these cells with the melanocytes ob- 
served in light microscope preparations. 

The present study has also shown that the “clear” cells frequently 
observed in or near the basal layer in formalin-fixed tissue may be either 
melanocytes or keratinocytes. In each instance the “clear” appearance 
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is an artifact due to cytoplasmic shrinkage. The melanocyte, which does 
not form attachment zones (“intercellular bridges”) with adjacent cells, 
may show cytoplasmic shrinkage resulting in the separation and retract- 
tion of its perikaryon from adjacent cells, leaving an empty clear space 
between the cell and its neighbors (Figs. 3 and 4). On the other hand, 
the firm attachment zones between the cytoplasmic membranes of ad- 
jacent keratinocytes are difficult to disrupt. Therefore, when shrinkage 
occurs in this cell, the cytoplasm usually pulls away from its nucleus, 
leaving a clear area surrounding the nuclear membrane (Figs. 3 and 4). 
The failure to distinguish between two entirely different kinds of 
“clear” cells in the human epidermis is apparently responsible in part 
for the conflicting concepts concerning the nature of melanocytes.”* It 
is quite difficult, however, to distinguish between “clear” keratinocytes 
and “clear” melanocytes in ordinary sections prepared for examination 
with the light microscope; but the fact that there are two distinctive 
“clear” cells can be easily seen in electron micrographs. These problems 
are illustrated by comparing Figures 6 and 4. Figure 6 is a conventional 
micrograph showing 4 ‘“‘clear” cells. Arrows point to 2 cells believed to 
be melanocytes; 1 in the center exhibits 2 ill-defined dendrites extending 
from the nucleus to about 1 o’clock; 1 on the right has a dendrite ex- 
tending from the nucleus in a horizontal plane. These small and rather 
obscure structures are hardly sufficient for an unequivocal differentiation 
of these cells from the other 2 “clear” cells in the photograph. Under 
the light microscope the distinction between these 2 types of “clear” 
cells may be brought out more clearly after the dopa reaction, but in 
electron micrographs the difference is obvious without special staining. 
In an electron micrograph of 2 “clear” cells (Fig. 4) a melanocyte on the 
right exhibits the shrunken cytoplasm of its perikaryon adherent to the 
nucleus, with a surrounding clear space. A keratinocyte on the left pro- 
vides a contrasting appearance; the cytoplasm has retracted toward the 
cell membrane, leaving a clear space directly surrounding the bare nu- 
cleus. These two cells are comparable to the two “clear” cells enclosed 
within the rectangle in the light photomicrograph (Fig. 6). While the 
distinction between the two types of “clear” cells is suggested by con- 
ventional magnification, it is unequivocal in the electron micrograph. 


SUMMARY 


A modification of the dopa reaction adapted for electron microscopy 
showed that the dendritic cells are the only cells in the human epidermis 
that give a “positive” reaction. Control preparations further indicated 
that “clear” cells of the epidermis, often identified as melanocytes by 
light microscopists, may be either melanocytes or keratinocytes. The 
“clear” appearance in both instances results from a shrinkage artifact of 


fixation which leaves part of the area originally occupied by the cell 
empty of cytoplasm. Electron microscopy permits ready differentiation 
of melanocytic and keratinocytic “clear” cells. 
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LEGENDS FOR FIGURES 


1. The dermo-epidermal junction is seen as a narrow, irregular gray line (the 
basement membrane) extending from just above the lower left corner to a point 
just to the left of the upper right corner. The nucleus of a melanocyte (M) is 
surrounded by a darkened perikaryon. Some of the darkened dendrites are indi- 
cated by arrows. K, keratinocyte. Incubated in dopa. X 3,000. 


2. A melanocyte (M) and parts of two keratinocytes (K) are shown. The 
melanocytic dendrite is continuous with the perikaryon in this plane and ex- 
tends between the two keratinocytes. The melanocytic cytoplasm is darker 
and the melanin granules are larger and more numerous than in the melanocytes 
seen in control tissue shown in Figures 3 and 4. Incubated in dopa. X 7,500. 
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LEGENDS FOR FIGURES 


. I. The dermo-epidermal junction is seen as a narrow, irregular gray line (the 
basement membrane) extending from just above the lower left corner to a point 
just to the left of the upper right corner. The nucleus of a melanocyte (M) is 
surrounded by a darkened perikaryon. Some of the darkened dendrites are indi- 
cated by arrows. K, keratinocyte. Incubated in dopa. X 3,000. 


. 2. A melanocyte (M) and parts of two keratinocytes (K) are shown. The 
melanocytic dendrite is continuous with the perikaryon in this plane and ex- 
tends between the two keratinocytes. The melanocytic cytoplasm is darker 
and the melanin granules are larger and more numerous than in the melanocytes 
seen in control tissue shown in Figures 3 and 4. Incubated in dopa. X 7,500. 
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3. A small amount of dermis is evident in the lower right corner. Three 
melanocytes (M) and at least 7 keratinocytes (K) are present. The melanocytes 
have a granular rather than a fibrillary cytoplasm and have more mitochondria 
than are seen in keratinocytes. Note that each cell in the field has a “clear” area 
in the cytoplasmic region. The “clear” area is around the cell membrane of 
melanocytes, but around the nuclear membrane of keratinocytes. Incubated in 
buffer. X 3,000. 


4. A portion of the field in Figure 3 at higher magnification. There is a dis- 
tinct difference between the location of the space in a “clear’’ melanocyte (M) 
and that in a “clear” keratinocyte (K). The two “clear” cells are similar to those 
delineated by the rectangle in Figure 6. X 6,000. 
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5. A section of vulvar tissue contains an “active,” normal melanocyte. The arrow points 
to the region of the nucleus and perikaryon. Extending from this area to the left and to 
the right, there are dendrites which tend to run for some distance parallel to the dermo- 
epidermal junction. Hematoxylin and eosin stain. X 1,000. 


6. The appearance of this control section is comparable to that seen in conventional 
sections of normal human epidermis. There are 4 “clear” cells; the 2 indicated by the 
arrows are “clear” melanocytes, while the other 2 are “clear” keratinocytes. The melano- 
cyte in the center has 2 delicate dendrites extending toward 1 o’clock, while the melano- 
cyte to the right shows a dendrite extending toward 5 o’clock, roughly parallel to the 
dermo-epidermal junction. The ‘“‘clear” cells delineated by the rectangle correspond with 
the “clear” cells seen in the electron micrograph of Figure 4. Hematoxylin and eosin stain. 
X 1,000. 


VERNICOMYELIA 


Irs BEARING ON THEORIES OF GENESIS OF THE ARNOLD-CHIARI COMPLEX 
Epmunp B. Jacoss*; BENJAMIN H. LanoiNnc, M.D., anp Witt1am Tuomas, Jr., M.D.t 


From the Departments of Pathology and Pediatrics of The Children’s Hospital 
and Children’s Hospital Research Foundation, 
and the University of Cincinnati College of Medicine, Cincinnati, Ohio 

Numerous theories have been proposed to clarify the origin of the 
developmental disturbance often called Arnold-Chiari malformation. 
Usually present in such patients are: internal hydrocephalus, microgyria, 
malformation of the cerebellum with abnormal lobation and “tongues,” 
brain stem and spinal cord abnormalities, “myelomeningocele” (usually 
lumbar), and alterations of the skull, falx, etc..* Theories advanced 
to explain various aspects of this condition, or the relation of some of 
the features to others, are as follows: 

(1) Penfield and Coburn,° Lichtenstein * and others suggested that 
fixation of the spinal cord in the myelomeningocele inhibited relative 
embryonic ascent of the spinal cord, the “down-traction” causing elonga- 
tion of the hindbrain, herniation of the cerebellum through the foramen 
magnum and the cerebellar tongues (Arnold-Chiari malformation in the 
strict sense). This theory has been criticized by other workers, par- 
ticularly Russell.” 

(2) Cameron‘ proposed that the myelomeningocele was actually a 
scarred epidermidized neural plate; namely, that the basic lesion in the 
spinal defect was rachischisis. Because the arachnoid and central canal 
of the cord open onto the surface of the body at the site of rachischisis, 
Cameron suggested that a cerebrospinal fluid leak permits compression 
of the head by pressure of the ambient amniotic fluid, forcing the cere- 
bellum and brain stem down the upper spinal canal and thus producing 
not only the Arnold-Chiari malformation proper but also interlocking of 
the medial aspects of the cerebral hemispheres, hypoplasia of the falx, 
and other regular findings in affected patients. 

(3) Gardner *° proposed that the basic defect was inadequate permea- 
bility of the roof of the rhombencephalon to ventricular fluid, leading 
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to bulging out of that portion of the nervous system offering the least 
resistance. In his opinion this same mechanism might lead to fourth 
ventricular (Dandy-Walker) cyst, to lateral ventricular dilatation with 
downward compression of hindbrain and cerebellum (Arnold-Chiari 
malformation), or to hydromyelia with rupture of the lumbar spinal 
cord (myelomeningocele). 

(4) Patten *° indicated that the cause of the myelomeningocele might 
be a primary overgrowth of the neural plate, preventing the embryonic 
neural tube from closing. Patten also proposed that similar overgrowth 
of neural tissue occurred at other levels of the neural axis.** Such a 
mechanism could account for the cerebral “crowding” described by Cam- 
eron ‘ and for other features of the complex. 

Theories 2 and 3 specifically imply that downward flow of cerebro- 
spinal fluid through the lumbar defect occurs in intra-uterine life, and 
such a phenomenon is permissible with theory 4. This paper reports 
studies on the occurrence of amniotic sac content (squamous cells, lanugo 
hairs, mucus) in the spinal subarachnoid space or central canal of infants 
with Arnold-Chiari complex, and discusses the bearing of this phenome- 
non on the direction of flow of cerebrospinal fluid in these infants in 
utero. To this lesion, which has to our knowledge not hitherto been 
described, the name vernicomyelia has been given. 


MATERIAL AND METHODS 


The necropsy files in the Department of Pathology, The Children’s Hospital, 
Cincinnati, were reviewed. Of 32 patients coded as having Arnold-Chiari complex, 
only 24 had spinal cord sections adequate for this investigation. The patients are 
listed in Table I, which gives the age and sex, summary of the central nervous system 
malformations, the brain weight compared to the normal value for body length from 
the Wolbach-Coppoletta table, and the occurrence of vernicomyelia. Because of the 
relation of the kidneys to the volume of amniotic fluid, the presence of-urinary tract 
malformation is also recorded. 

Review of hematoxylin and eosin stained sections of spinal cord in the 24 ap- 
propriate patients showed thai the oldest infant in whom vernicomyelia could be 
recognized was aged 3 months. Trial of periodic acid-Schiff (PAS), direct and 
sulfuric acid-permanganate aldehyde-fuchsin, and performic and peracetic acid-Schiff 
stains indicated that the most useful for recognition of vernicomyelia were the 
direct aldehyde-fuchsin and the performic acid-Schiff stains, the former staining 
mucus and the latter lanugo hairs. These two stains were performed on spinal cord 
sections in 13 patients under 3 months of age. 


RESULTS 


Six of 13 suitable patients aged 3 months or less were found to have 
vernicomyelia (Table I). Examples of the lesion are shown in Figures 
1 to 3. The foreign material may be in the subarachnoid space, in the 
central canal of the spinal cord, or both, as well as embedded in the cord 
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proper. Foreign body reaction may be seen, and suppurative inflamma- 
tion due to bacterial meningitis is often also present. 

Table I shows that, of the 32 patients reviewed, 26 were thought to 
have myelomeningocele, and one had meningocele alone. Four patients 
had no apparent spine defect, and the description of one patient did 
not permit interpretation. Thirty had internal hydrocephalus; 14, hydro- 
myelia; and 2, diplomyelia. In 2, a residual neural plate was demon- 
strated on the surface of the upper pole of the skin lesion (rachischisis). 
Of the 28 patients for whom brain weights were recorded, the brains 
were heavier than the normal standard value in 19, and in 8 the brains 
were smaller than the normal. No patient had a urinary tract malforma- 
tion capable of causing oligohydramnios. 


DISCUSSION 


The occurrence of vernicomyelia in a significant fraction (46 per 
cent in this series) of small infants with Arnold-Chiari malformation 
and lumbar “myelomeningocele” would appear to indicate that the flow 
of spinal fluid in such infants is not invariably caudad in utero. This 
casts doubt on theories relating certain aspects of the anomaly complex 
to the flow of spinal fluid in this direction, and indicates that further 
study is required before these theories can be accepted. Admittedly, 


no proof can be offered that the direction of flow of cerebrospinal fluid 
does not change during fetal life, from a caudad direction early to a 
cephalad one later, or that it is not in some way “tidal.” The theory 
that the ‘“‘crowding” of cerebral hemispheres seen in such patients re- 
sults from compression of the head by the amniotic fluid in the presence 
of an escape path for spinal fluid has the further disadvantage that 
pressure is transmitted equally in all directions in a fluid-filled chamber 
(Pascal’s law). Thus, no way by which alteration of absolute pressure 
in the amniotic sac could cause differential flow (or vice versa) is ap- 
parent. It seems possible, however, that a fetus in utero, could, by ex- 
tending the body, compress the head and cause downflow of cerebro- 
spinal fluid. If the fetal head was elastic enough, upward flow might 
then occur when pressure on the head was released, thus establishing a 
mechanism of tidal flow of spinal and amniotic fluid through the lower 
spinal pathways. 

The frequency of occurrence of vernicomyelia, and studies in this de- 
partment not detailed in this paper, support the opinions of von Reck- 
linghausen ** and Cameron ™ that the myelomeningocele of patients with 
Arnold-Chiari complex is a scarred epidermidized neural plate, and that 
the initial spinal lesion is rachischisis. Comparable lesions in rats have 
been described by Warkany, Wilson and Geiger.’* Patten’s suggestion 
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that the cause of the rachischisis is overgrowth of neural tissue, pre- 
venting closure of the neural tube, is supported by the fact that the 
weight of the brain of affected infants is usually heavier than normal, 
despite the regular presence of marked internal hydrocephalus. Over- 
growth of the entire neural axis as a basic feature of the anomaly under 
discussion could also explain the evidences of crowding of cranial con- 
tents described by Cameron.* The frequency with which a patent con- 
nection of the spinal cord with the body surface at the upper pole of the 
rachischisis apparently persists until late fetal or postnatal life further 
explains the high frequency of meningitis in patients with the Arnold- 
Chiari complex. 

In the patients investigated, no evidences of proliferation of epi- 
dermal structures in the spinal canal were seen, suggesting that their 
presence was not the result of epidermal “metaplasia” of neural tissue. 
Implantation of skin fragments by lumbar puncture, with the production 
of intraspinal cholesteatomatous epidermal cysts, has been described 
by Choremis, Economos, Papadatos and Gargoulas.’® Apparently the 
vernix material which enters the spinal canal via the rachischisis consists 
of nonviable desquamated cells and hair shafts. None of the patients with 
vernicomyelia in this series were found to have an epidermal cyst or 
sinus at any level of the neural axis above the myelomeningocele. There 


was, therefore, no possibility of such a source for the intraspinal squamae 
and hair shafts. 


SUMMARY 


Vernicomyelia, the presence of amniotic fluid squamae, lanugo hairs 
and mucus in the spinal subarachnoid space, central canal or cord tissues, 
was demonstrated in 6 of 13 infants with Arnold-Chiari malformation 
and lumbar “myelomeningocele,”’ aged 3 months or less. This observa- 
tion indicates that flow of cerebrospinal fluid in such fetuses is not 
invariably caudad in utero, and casts doubt on theories relating various 
features of the anomaly complex to downward flow of spinal fluid. The 
occurrence of vernicomyelia supports the opinion of others that the 
“myelomeningocele” is actually a degenerated epidermidized neural 
plate. Nineteen of 28 patients with Arnold-Chiari complex had heavier 
brains than normal, supporting the idea that a basic feature of the condi- 
tion is overgrowth of neural tissue. 
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LEGENDS FOR FIGURES 


Fic. 1. Amniotic squamae in the subarachnoid space of the thoracic cord. Hema- 
toxylin and eosin stain. X approximately 200. 


Fic. 2. Lanugo hair shafts and squamae in the central canal and central zone of 
an inflamed spinal cord. Performic acid-Schiff stain. x approximately 200. 


Fic. 3. Lanugo hair shafts and squamae are palely stained. There is deeper stain- 
ing of mucus in the subarachnoid space. Aldehyde-fuchsin stain. x approxi- 
mately 200. 
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ELASTIC TISSUE OF NORMAL AND 
EMPHYSEMATOUS LUNGS 


A TRIDIMENSIONAL HistoLocic Stupy 
Rosert R. Wricut, M.D. 


From the Department of Pathology and the Cardiovascular Research Institute, 
University of California Medical School, San Francisco, Calif. 


The elastic properties of the lung are of major importance in pul- 
monary ventilation. The lung is normally in a state of inflation and 
stretch within the thorax, and because of the elastic character of the 
lung tissue, this stretch tension is maintained during ventilatory in- 
flation and deflation of the lung. Thus a radial type traction on the 
walls of the small airways and alveoli is continuously provided to main- 
tain their patency (Text-fig. 1). The elastic character of the lung and 
the ability of the opposing pleural surfaces to slide one upon the other 
during breathing result in continuous adjustments and uniform distribu- 
tion of these intrapulmonary stretch tensions. This uniform tension 
probably helps to distribute the inspired air evenly throughout the lung. 


TEXT-FIGURE 1. Diagram showing the contributory role of the radial traction forces 
of the lung parenchyma in maintaining the patency of the medium and smaller airways (in- 
cluding the bronchioles) ® 


It seems likely that the elastic characteristics of the lung are in large 
part provided by the elaborate framework of elastic fibers. These fibers 
unite the bronchi, alveoli, vessels, interlobular septums and pleura into 
an elastic continuum. Each of these structures possesses a rich supply of 


This investigation was supported in part by a research grant from the California Tuber- 
culosis and Health Association. 
Accepted for publication, April 21, 1961. 
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elastic fibers which branch and intermesh as previously described by 
Orsés,? and recently restated by Krahl.* Orsdéds also showed that 
pathologic alterations of this elastic framework occurred in emphy- 
sematous lungs. The purpose of this study was to describe the morphol- 
ogy of the elastic tissue of the normal and emphysematous lung with the 
use of a new tridimensional microscopic technique. 


MATERIAL AND METHODS 


Pulmonary tissue was obtained from necropsy and surgical material and consisted 
of 24 normal lungs from individuals aged 8 to 93 years, and 11 lungs with morphologi- 
cally apparent emphysema from individuals aged 29 to 73 years. 


ke 


TEXT-FIGURE 2. Diagram demonstrating the method of infiltrating the lung with 
Zenker’s solution. 


PRESSURE 
CONTROL 
TEXT-FIGURE 3. Diagram demonstrating the method of replacing excess Zenker’s 
solution by air without drying the specimen. 


This tissue was studied in the following manner: An intact lobe was selected and 
filled through the bronchus with Zenker’s solution at 15 cm. of water pressure and 
maintained in this distended state, partially submerged in Zenker’s solution for ap- 
proximately 2 hours (Text-fig. 2). The bronchus was then connected to a source of 
compressed air which was saturated with water and maintained at a pressure of 
20 cm. of water (Text-fig. 3). Moistened gauze was placed over the partially sub- 
merged lung, and air leaks in the specimen were avoided to prevent the drying which 
occurs if air is allowed to flow through the specimen. The air was forced into the 
lung for approximately 12 hours, permitting the excess Zenker’s solution to be re- 
placed by air. At the end of this period the lung was well fixed, fully and uniformly 
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inflated, and rigid enough for tridimensional histologic preparations. The tissue re- 
mained wet enough to produce excellent microscopic detail with conventional histo- 
logic stains. Blocks of lung tissue 2 to 3 cm. wide and 3 to 4 mm. thick were then 
cut from selected areas of the lobe with a razor blade and washed in distilled water 
for 12 hours. Frozen sections 200 to 300 » thick were prepared freehand with a stiff 
razor blade. The standard freezing microtome blade was unsatisfactory since it 
produced tears and distortions of the delicate elastic fibers when the blade passed 
directly through the tissues rather than slicing them like the manually operated 
razor blade. 

The sections were then treated with Lugol’s iodine solution, alcohol and distilled 
water to remove the Zenker solution; stained with orcein elastic and Gomori’s 
trichrome connective tissue stains; and mounted in Permount on glass slides with a 
ring of plastic cement around the margin to support the cover slip and prevent crush- 
ing of the tissue. 

The slides were viewed with the standard light microscope by which low power 
magnification provided 3-dimensional viewing for orientation, and high power mag- 
nification proved excellent for studying fine detail. Constant focusing was necessary 
at high magnification because of the short depth of focus. 

The best results were obtained when the lung specimens were fixed within 6 hours 
post mortem. 


T.8.— TERMINAL BRONCHIOLE 
R.B.— RESPIRATORY BRONCHIOLE 
P.A.— PULMONARY ARTERY 

— PULMONARY VEIN 
A.0.—ALVEOLAR OUCT 
ALV. ~ ALVEOLI 

1.6 /INTERLOBULAR SEPTUM 


TEXT-FIGURE 4. Drawing of the elastic tissue of the normal adult lung lobule, demon- 
strating the exchange of fibers composing an “elastic continuum.” 


OBSERVATIONS 
Normal Lungs 


The elastic fibers provided the major supporting framework of the 
primary lobule of the lung which includes the terminal bronchiole, 
respiratory bronchioles, alveolar ducts and alveoli (Text-fig. 4 and Figs. 
1 to 4). The elastic fibers were also an important constituent of the 
larger pulmonary structures such as bronchi, vessels, interlobular sep- 
tums and pleura. The majority of the elastic fibers in a large bronchus 
were longitudinally arranged in a layer within the submucosa. Occasional 
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small, delicate elastic fibers were arranged circumferentially and inter- 
meshed with the thick longitudinal fibers. This arrangement extended to 
the respiratory bronchiole where the longitudinal fibers divided into 
poorly defined bundles. The circular fibers were abundant in the 
bronchioles and formed bundles which interlaced with the longitudinal 
bundles. Rudimentary alveoli, supported by a few fine elastic fibers, ap- 
peared between these crossing elastic bundles. The longitudinal and 
circular bundles became progressively better defined and more compact, 
and the alveoli became larger and better developed toward the end of the 
respiratory bronchiole. 

Distal to the respiratory bronchiole, the dense bundles of elastic fibers 
ceased to crisscross and instead assumed circular and helical configura- 
tions with prominent decussations showing an exchange of fibers at 
points of contact between the bundles. The passageways defined by 
these bundles of elastic tissue were the alveolar ducts. The fibers in the 
bundles decreased in number and appeared less dense toward the end 
of the alveolar duct, at the periphery of the primary lobule. Along the 
course of the alveolar ducts, small bundles of elastic fibers radiated 
from the large coarse bundles to form the circular ostiums of the alveoli. 
Single fibers arose from these smaller bundles, branched across the 
alveolar walls and apparently helped to support the interalveolar sep- 
tums. Fine, irregular branches extended into the alveolar wall from these 
main alveolar elastic fibers. These tiny fibers did not appear to have any 
intimate structural association with individual capillaries. 

The pulmonary arteries possessed a rich supply of elastic fibers which, 
in the large elastic vessels, composed the internal elastic membrane, a 
large portion of the media and a small portion of the adventitia. In the 
muscular arteries and arterioles the elastic fibers were confined mostly 
to the internal elastic membrane and the adventitia. There was an ex- 
change of these fibers with the elastic fibers of the associated bronchi, 
adjacent alveoli, interlobular septums and pleura. Thus an elaborate, 
continuous supporting framework of elastic fibers was formed which 
united the various pulmonary structures into an elastic unit. 

Lungs of individuals in the older age groups frequently showed altera- 
tions in the elastic tissue which were considered to be associated with 
aging (Figs. 5 and 6). These alterations were occasionally seen in in- 
dividuals over 50 years of age, but were more common in those over 8o. 
The alterations in elastic fibers were confined to the small respiratory 
structures of the lung tissue, i.e., the alveolar ducts and alveoli. A gen- 
eralized and uniform reduction in the number and thickness of the elastic 
fibers was observed. These changes were most apparent in the bundles 
of elastic fibers forming the alveolar ducts and the mouths of the alveoli. 
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The ducts and alveolar openings were slightly dilated apparently as a 
result of this atrophy and attenuation of elastic fibers. 

Focal deposits of anthracotic material in the lung, with varying de- 
grees of associated centrilobular emphysema, were a common finding 
in adult age groups (Figs. 7 and 8). The deposits of granular black pig- 
ment were most concentrated in the walls of the respiratory bronchioles, 
in the alveolar ducts and along the courses of vessels. Within and about 
the anthracotic sites the elastic tissue commonly exhibited degenerative 
alterations consisting of separation, fragmentation or complete absence 
of fibers. A slight degree of fibrosis was often associated with these de- 
generative changes, and frequently there was dilatation and distortion 
of the affected respiratory bronchioles and the adjoining proximal ends 
of the alveolar ducts. 


Chronic Obstructive Emphysema 


This disease did not affect the lung in a uniform manner; various re- 
gions of the lung were severely involved while other areas remained 
nearly normal even in the advanced stages of the disease. The areas of 
nearly normal lung exhibited only minor pathologic alterations of elastic 
fibers while the areas of advanced disease demonstrated striking de- 
generation of the elastic fibers (Figs. 9 to 12). In areas of slight to 
moderate morphologic emphysema, characterized by overdistended and 
distorted small air passages and alveoli, the elastic tissue showed focal 
defects varying from attenuation of the fibers to complete separation, 
with retraction of the unattached ends of the fibers. The heavy elastic 
bundles of the alveolar ducts were occasionally interrupted by separa- 
tion and retraction of the free ends of the damaged fibers. Fenestration 
of alveolar walls, loss of capillaries and slight increases in fibrous tissue 
nearly always coexisted with the defective elastic tissue. The distortion 
and dissolution of tissue, i.e, partial to total absence of interalveolar 
walls, resulted in a loss of distinction between the various air passages 
and alveoli. In the advanced stages of the disorder, alveoli were replaced 
by large confluent air spaces which were separated and crossed only by 
strands and thin sheets of fibrous tissue possessing a few vessels, capil- 
laries, numerous pigmented macrophages and multiple various-sized 
fenestrations. These connective tissue partitions and strands, remnants 
of the destroyed walls of alveoli, small air passages and vessels, fre- 
quently composed the walls of bullae and contained either no stainable 
elastic fibers or fragments of damaged ones. The damaged fibers were 
frayed, attenuated and often clumped into small, dense masses lying 
within the thickened fibrous tissue partitions. No evidence of regenera- 
tion of elastic tissue was observed. Minor degrees of focal emphysema 
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associated with deposits of granular, black, anthracotic pigment, occa- 
sionally noted in the normal lung, frequently coexisted with diffuse 
emphysema. Occasionally the two types of emphysema were so com- 
pletely intermingled that they could not be separately distinguished; 
however, the diffuse type appeared to predominate in all cases. The 
elastic continuum which composed the structural framework of the lung 
unit always showed a degree of destruction consistent with the severity 
of the emphysema. 


DISCUSSION 


The normal lung possesses an elaborate elastic supporting framework 
which appears to be responsible in part for the elastic behavior of the 
lung. The role of the surface tension * of the layer of fluid covering the 
surface of all air-containing structures of the lung could not be evalu- 
ated in this study. The elastic properties are essential to normal lung 
function since radial traction on the walls of the small airways and al- 
veoli is necessary to maintain their patency during the inflation and de- 
flation phases of ventilation. This can be accomplished only by an elastic 
type of tension which can provide continuous radial traction on the walls 
of these tiny air-conducting passages despite partial deflation of the 
lung during exhalation. 

Chronic obstructive emphysema is characterized by a number of func- 
tional derangements which imply that alterations in the elastic prop- 
erties of the lung have occurred. The most significant functional abnor- 
malities are: (a) expiratory air flow obstruction; (b) increased residual 
volume; (c) reduced negative pressure in the intrapleural space; and 
(d) uneven distribution of inspired air. The expiratory obstruction is 
due to reduced elastic radial traction on the walls of the small bronchi 
and bronchioles ** and to atrophy, weakening, and increased collapsi- 
bility of the medium and large bronchi in the advanced stages of the 
disease.® The reduced elastic tension in the emphysematous lung allows 
collapse of the small bronchi and bronchioles during the expiratory phase 
of ventilation, resulting in obstruction to air flow. This occurs because 
pressure relationships across the bronchial wall tend to cause their col- 
lapse when air is exhaled, particularly during a forced exhalation. To- 
ward the end of the exhalation the partially deflated emphysematous 
lung fails to provide adequate radial traction on the walls of the small 
airways, and obstruction with “air trapping” occurs. The increased 
residual volume also results from a loss of pulmonary elasticity and a 
premature collapse of the airways during maximum exhalation. The re- 
duced intrapleural negative pressure at maximum inspiration reflects a 
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reduction in the elastic recoil of the emphysematous lung.® The irregular 
distribution of the destructive changes in the emphysematous lung re- 
sults in a non-uniform elastic behavior which probably is partly responsi- 
ble for the uneven distribution of the inspired air. Obstructions to air 
flow in bronchi, due to collapse and accumulation of secretions, also 
contribute to this uneven distribution. 

The thick (200 to 300 ») lung sections stained with orcein and 
Gomori’s trichrome stain offered a unique opportunity to observe the 
elastic fibers in the normal and emphysematous lung. The observations 
were in agreement with previous studies of the structure of normal pul- 
monary elastic tissue,’:*"°"* with the exception of Orsdés’ statement that 
fine elastic fibers in the alveolar wall form a supporting network about 
the capillary walls. Such an elastic fiber network was not observed in 
our material. The Weigert elastic stain used by Orsés is not specific for 
elastic fibers and probably stained the reticulum of the capillary network. 

The alteration in elastic tissue commonly noted in the normal lungs 
of aged individuals was a diffuse uniform atrophy distinct from the non- 
uniform destructive changes observed in emphysema. Others describ- 
ing the gross appearance of the aged lung have noted the uniformly 
dilated alveolar ducts.'**® Occasionally the two conditions coexisted in 
the lungs of aged individuals with emphysema. 

The degree of elastic tissue destruction in the emphysematous lungs 
corresponded to the severity of the disorder as indicated by the macro- 
scopic appearance. The disease process involved alveolar walls, capil- 
laries and alveolar septal cells as well as elastic tissue. Slight degrees 
of fibrosis and chronic inflammatory cell infiltration were occasionally 
observed, but the process appeared to consist primarily of disintegra- 
tion and dissolution of tissue rather than inflammation. The disease did 
not appear to destroy elastic tissue selectively but seemed to be a de- 
generative process affecting various tissue components of the lung, in- 
cluding capillaries, interalveolar septums and bronchi. 

Deposits of anthracotic pigment were associated with small focal areas 
of emphysema in many of the normal and emphysematous lungs. This 
morphologic form of emphysema (centrilobular) has been observed to 
exist in advanced stages.’®"* In this study it appeared only in minor 
degrees in otherwise normal lungs and as a coexisting process with the 
predominantly diffuse type of emphysema. There was a definite spatial 
relationship between the focal anthracotic deposits and elastic fiber de- 
struction, which may indicate an etiologic relationship. Further clarifi- 
cation of this relationship was not possible in this study. 

Emphysematous bullae appeared to result from severe localized de- 
structive changes in the lung tissue. Their walls contained degenerating 
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fragments of elastic tissue and other remnants of structures replaced by 
the bullae. The destructive process did not appear to differ in any man- 
ner from that of the diffuse disorder. 


SUMMARY 


Elastic tissue in thick sections of lung was examined microscopically 
in 3 dimensions. The structure of elastic tissue was observed in normal 
and emphysematous lung specimens. The normal lung revealed an abun- 
dance of prominent elastic fibers arranged in such a manner that the 
various components of the lung were united into an elastic continuum. 
Aged lungs showed some atrophy of the fibers. Some adult lungs revealed 
degenerative changes in the elastic fibers at the sites of accumulations 
of anthracotic material, and these changes were commonly associated 
with localized dilatation and distortion of the involved structures. Severe 
degenerative alterations in the elastic tissues were found in chronic ob- 
structive emphysema. Destructive alterations also involved the alveolar 
walls, capillaries and alveolar septal cells. The disease process of chronic 
obstructive emphysema appeared to be one of degeneration and destruc- 
tion affecting various tissue components of the lung, particularly the 
elastic fibers. 
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LEGENDS FOR FIGURES 


Fic.1. Normal lung, 20-year-old man. Note the uniformity of size and shape of the 
alveoli and alveolar ducts. x 10. 


Fic. 2. Normal lung, 37-year-old woman. A microscopic view of a tridimensional 
histologic preparation showing the elastic fibers forming a ring about an alveolar 
duct. Elastic fibers radiate peripherally into the walls of adjacent alveoli. The 
alveolar duct (A.D.) is at the left. Orcein elastic tissue stain. X 270. 


Fic. 3. Normal lung, 53-year-old man. Note the sturdy, uninterrupted appearance 
of the elastic fibers of the alveolar wall. Combined orcein elastic tissue and 
Gomori trichrome stains. X 270. 


Fic. 4. Normal lung, 67-year-old woman. The elastic fibers of an alveolar wall 
show fenestrations of the wall commonly referred to as “senile pores.” Note 
the intact, thick, normal-appearing elastic fibers. Orcein elastic tissue stain. 

X 270. 
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.5. Normal lung, 87-year-old man. Note the moderately uniform enlargement of the 
alveoli and alveolar ducts. X 10. 


.6. Normal lung, 84-year-old woman. A tridimensional histologic preparation shows an 
attenuation and sparseness of elastic fibers in an alveolar duct (A.D.) ring and the ad- 
jacent alveolar wall. Combined orcein elastic tissue and Gomori trichrome stains. X 270. 


.7. Normal lung, 63-year-old woman. Note the two focal areas of emphysematous de- 
generation (arrows) associated with anthracotic deposits. These changes are commonly 
seen in adults with otherwise normal lungs. X 10. 


.8. Microscopic appearance of lung in Figure 7. There is interruption of elastic fibers in 
the region of anthracotic pigment deposit. Orcein elastic tissue stain. X 270. 


366 WRIGHT 


Sept. 1961 EMPHYSEMA 


Fic. 9. Chronic obstructive emphysema, 59-year-old man. Note the numerous enlarged air 
spaces formed by the loss of interalveolar septums and overdistention of alveolar ducts. 
X I0. 


.10. Chronic obstructive emphysema, 64-year-old woman. Disrupted and disintegrated 
elastic fibers (arrow) are evident in an alveolar duct ring. Combined orcein elastic tissue 
and Gomori trichrome stains. X 270. 


.11. Chronic obstructive emphysema, 67-year-old man. An alveolar wall shows a dis- 
integration of the elastic fibers (arrows) and a large fenestration. Combined orcein elastic 
tissue and Gomori trichrome stains. X 270. 


.12. Chronic obstructive emphysema, 57-year-old man. The wall of a bulla shows dis- 
integration of elastic fibers, fenestrations, macrophages, and anthracotic pigment deposits. 
Combined orcein elastic tissue and Gomori trichrome stains. X 270. 
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AMYLOIDOSIS: SPONTANEOUS OCCURRENCE 
IN WHITE PEKIN DUCKS 


R. H. Ricpon, M.D. 


From the University of Texas Medical Branch, 
Galveston, Texas 

A cirrhosis-like lesion of the liver was reported in 1955 in white 
Pekin ducks receiving methylcholanthrene.’ Although suggestive of 
amyloid, this lesion was not considered characteristic. More recently, 
amyloid-like material has been observed in the spleen, adrenals, kidney, 
intestine and thyroid gland of ducks given methylcholanthrene by vari- 
ous routes.? Ducks given tobacco condensate and polysorbate 80 
(Tween) intratracheally have shown similar visceral alterations.* 
Thomson, Freund, Sommer and Walter,‘ in 1947, reported the occurrence 
of amyloid in the liver and also fluid in the peritoneal cavity of white 
Pekin ducks following the injection of a vaccine containing killed 
tubercle bacilli in paraffin oil. 

Amyloid has been induced experimentally in mice,** rats,”’* rabbits,°™ 
hens,’” and horses.*"* Bacteria and bacterial toxins usually have been 
used for these studies.*?* Kuczynski® both fed casein-rich food and in- 
jected casein to produce amyloidosis in mice. Eklund and Reimann ® 
produced fatal amyloidosis in rabbits by repeated injections of sodium 
caseinate. Jaffé° induced amyloid in mice by the intramuscular injection 
of nutrose or serum. Amyloidosis has been associated with parabiosis 
and stress in mice **?¢ and rats."* It has been observed to occur spon- 
taneously in older mice.’ Dunn*™ has shown that the incidence of 
amyloidosis rises with the increasing age of mice and also that its oc- 
currence is related to heredity. 

In our original observations in the white Pekin duck, it was thought 
that the “cirrhosis-like” hepatic lesion was related to methylcholanthrene 
and to tobacco condensate. However, when a similar lesion was observed 
in the liver of ducks given only polysorbate 80, such a relationship was 
untenable. Recent observations have shown that white Pekin ducks 
develop amyloidosis spontaneously. The frequency of the amyloidosis in- 
creases with age. 


This investigation was supported by United States Public Health Service grant B 2951, 
from the National Institutes of Neurological Diseases and Blindness, United States Public 
Health Service. 
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MATERIAL AND METHODS 


The white Pekin ducks used for this investigation were obtained when one day of 
age from the same commercial hatchery. They were received at intervals during an 
18-month period in groups of 25 to 50. The younger birds were kept in batteries 
in this laboratory and the older ones in an outside pen. They were fed Purina Duck 
Startena and Growena.* Food and water were available at all times. A majority 


TABLE I 
FREQUENCY OF AMYLOIDOSIS IN UNTREATED DUCKS 


No. of Age 
ducks (days) Amyloid 


9 ° 
5 
14 
16 
41 
54 
78 
gI 
170 
244 
266 
286 
298 
307 
315 
322 
329 
331 
348 
413 
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of the ducks were sacrificed and necropsied immediately. There were 63 birds which 
had received no form of treatment (Table I). Amyloid was also present in 98 white 
Pekin ducks used in other experiments. The age at the time of appearance of the 
amyloid in all of our ducks is indicated in Table II. 

Tissues were fixed in a 4 per cent solution of formaldehyde, and paraffin sections 
were stained with hematoxylin and eosin. Selected sections were also stained by the 
following techniques: Heidenhain’s aniline blue, Masson’s trichrome (Foot’s modifi- 
cation), Wilder’s reticulum stain, Congo red, crystal violet, Mayer’s mucicarmine, 
the periodic acid-Schiff (PAS) reagent, and Gomori’s methenamine silver stain. 


OBSERVATIONS 


The ducks found to have amyloidosis appeared to develop normally. 
The first abnormality observed was edema of the feet and legs, as- 
sociated with which was an enlargement of the abdomen. The birds 
became weak and often had difficulty with respiration when the edema 
and ascites were marked. They were sacrificed for pathologic study both 
before and after these clinical manifestations became apparent. The age 
when the untreated ducks either died or were killed is shown in Table I. 


* Ralston Purina Mills, St. Louis, Mo. 
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The youngest duck in the group of untreated birds was 244 days of age 
when amyloid was first found. In a group of 30 ducks over 100 days of 
age, 23 had amyloid in the liver when they either died or were killed. 
The 98 ducks with amyloidosis, shown in Table II, include birds used in 
other experiments as well as the 23 untreated ducks listed in Table I. It 
is obvious that this form of amyloid occurs in the older age group. 
The enlarged abdomen resulted from ascites. As much as 1,200 ml. of 
straw-colored fluid was present in the abdominal cavity of some ducks. 
A similar type of fluid was present in the abdominal air sacs in a few 
instances. The liver was enlarged, firm and yellowish brown in color 
(Fig. 1). The normal adult duck liver weighs 60 to 90 gm.; that in- 
filtrated with amyloid weighed 125 to 250 gm. The degree of hepatic in- 
volvement varied in different ducks. Iodine applied to the cut surface 
of the enlarged liver resulted in a mahogany-brown color. The spleen 
frequently was enlarged and in birds with correspondingly enlarged 


Taste II 
AMYLOIDOSIS IN THE WHITE PEKIN DUCK 
No. of Age (days) at death 

Treatment ducks 0-99 100-149 150-199 200-299 300-399 400+ 
Polysorbate 80 I.T.* 4 2 2 
Mct + mineral oil (oral) 7 2 5 
Mc + mineral oil I.T. 2 2 
Mineral oil (oral) 3 3 
Mc (oral) 2 I I 
Mc + polysorbate I.T. 30 8 5 4 13 
Mc pellet (brain) 3 I 2 
Mc pellet (liver) I I 
Tobacco condensate I.T. 12 2 5 5 
Anthracene I.T. Ir I I 6 3 
Untreated 23 6 13 4 
Total 98 2 10 22 29 35 


* L.T. = intratracheally. 
+ Mc = methylcholanthrene. 


livers, the spleen attained a size 10 to 15 times normal. It was firm and 
had yellowish brown foci beneath the capsule and on the cut surface. In 
a few instances the capsule of an amyloid-filled spleen had ruptured and 
the abdominal cavity was filled with blood. Other than the spleen and 
the liver, the viscera showed no gross lesions. 

The histologic lesions in the amyloid liver of the duck have been de- 
scribed previously.*? The hepatic cells in many areas were replaced 
by a homogeneous, pink-staining substance, while elsewhere groups of 
normal-appearing hepatic cells were surrounded by a pink-staining ma- 
terial (Fig. 2). A zone of the pink-staining deposit frequently surrounded 
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hepatic blood vessels. Staining was the same with Congo red and with 
hematoxylin and eosin; however, with crystal violet the deposit had a 
light purple hue. It was light green when stained with the Masson 
trichrome stain, blue with Heidenhain’s aniline blue, and red with the 
PAS reagent. The reticulin in the amyloid-containing liver appeared to 
be increased in amount when stained by the Wilder technique (Fig. 3), 
and the individual fibers were wider than normal. In sections stained 
by the PAS, Masson and Wilder techniques, a zone of homogeneous- 
staining substance could be seen on each side of the narrow bands of 
reticulin. In the hepatic cords this substance filled the space between 
the reticulin and the Kupffer cells. Often the hepatic sinusoids were com- 
pletely obliterated. 

Frequently there were no hepatic alterations other than the amyloid 
deposit; however, in some instances liver cells were focally filled with 
lipid. Inflammatory reactions were conspicuous by their absence. The 
lumens of both the small and the medium-sized blood vessels were occa- 
sionally partially or completely occluded by a proliferation of fibro- 
blasts and a few mononuclear cells (Fig. 4). 

Amyloid was focally detectable in the spleen (Fig. 5); the number 
and size of the deposits varied. In some areas the substance was located 
about small blood vessels and in the walls of sinusoids. Its relation to 
the splenic reticulin was difficult to determine. Somewhat less frequently 
the adrenal gland was affected. This, however, was always a microscopic 
feature. The amyloid was located adjacent to the reticulin fibers be- 
tween the sinusoids and the cords of cortical cells (Fig. 6). Moreover, 
the amount and width of the strands of reticulin were increased (Fig. 7). 

Amyloid appeared infrequently in the pancreas and the kidney. In 
the former it occurred as focal deposits between the acini. In the kidney 
it was manifest in the glomeruli (Fig. 8), in the convoluted tubules, 
and in the walls of small renal arteries (Fig. 9). The substance was 
occasionally noted in the interstitial tissue of the thyroid gland (Fig. 10), 
and, in one bird, in the mucosa of the small intestine. No other sites 
were encountered. 

The only other significant lesions found in these ducks were in the 
brain and muscle. Degenerative changes in the brain were characterized 
by focal encephalomalacia and the presence of nerve cells surrounded by 
microglia. The lesion in the striated muscle was evident as focal Zenker- 
like necrosis, described elsewhere as a form of muscular dystrophy.’ 


DISCUSSION 


Amyloidosis has been observed as a spontaneous occurrence in the 
white Pekin duck, its frequency increasing with age. Twenty-three 
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ducks among 30 untreated birds 100 days of age or older had visceral 
amyloid deposits. A group of 98 ducks (Table II), including birds used 
in other experiments, developed amyloid in a manner similar to that 
observed in the untreated controls. So far as we now know, the occur- 
rence of amyloid was not influenced by the administration of carcinogenic 
agents or polysorbate 80 although at one time this was thought to be the 
case."* However, untreated ducks observed for a corresponding length 
of time also manifested the phenomenon (Table I). 

Data are not available at this time to indicate whether or not the 
occurrence of amyloid in the white Pekin is characteristic of other 
strains of ducks. All birds used in this study were obtained from a single 
commercial hatchery. Ducks from other hatcheries are now under ob- 
servation, but an insufficient period has elapsed to determine the develop- 
ment of amyloid. It is known that amyloidosis occurs more frequently in 
older mice and in specific strains of mice, a form referred to as “senile.” 
This is not the case in the duck since a high percentage of affected birds 
in this study were less than one year old. The normal life span for the 
white Pekin duck is not known; we do have now in our laboratory a duck 
5 years of age. 

The anatomic distribution of amyloid in the viscera of the duck dif- 
fers somewhat from that usually found in man and the mouse. The most 
frequent location for amyloid in the duck was the liver, spleen, and 
adrenal. Thung** observed a marked variation in the incidence and 
organ distribution in old mice of inbred strains; the deposit was ob- 
served in the kidney, adrenal, ovary, testis, spleen, liver, heart, intestine, 
pancreas and skin. In the duck it has been noted in the liver, spleen, 
adrenal, kidney, pancreas, intestinal mucosa and thyroid; none was 
found in the heart. 

Amyloid in the duck always seemed to be located in relation to reti- 
culin. This was best illustrated in the liver and adrenal. In the spleen 
it appeared only focally, primarily in the pulp. In the intestine it was 
also focal in the mucosa; in the kidney it appeared in the glomeruli and 
the walls of tubules and blood vessels. The relation to reticulin was 
similar to that described by Dahlin” in man, and its pattern was more 
consistent with a local formation than with its production elsewhere and 
deposit in the affected sites. 

Although the Zenker-like degeneration in striated muscle was usually 
associated with amyloid in the viscera, there were ducks with this type 
of muscle degeneration who did not show amyloid. On the other hand, 
so far as we know, all ducks with amyloid also had the peculiar form of 
muscle necrosis. The classification of amyloid, according to Calkins, 
Cohen and Larsen,” as “primary” and “secondary” presents “hazards 
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because there are numerous exceptions and overlapping manifestations.” 
The association of muscle degeneration and amyloidosis might suggest 
that in the duck the amyloid was either secondary to the muscle degen- 
eration or that it developed as a result of an immunologic reaction with 
a product of the muscle necrosis acting as an antigen. Our observations 
would suggest, however, that the two conditions might conceivably have 
a common denominator. 

Degeneration of muscle in the horse, similar to that observed in these 
ducks, has been attributed to a local defect in striated muscle carbo- 
hydrate metabolism.**:* In the duck abnormally large amounts of 
glycogen were present in the areas of muscle degeneration,” a feature 
consistent with a local metabolic defect. Calkins and co-workers *? have 
shown that “in amyloid-laden livers the hexoses consisted of galactose, 
mannose, and fucose, as well as glucose whereas, in normal livers, sugars 
other than glucose were present only in trace amounts.” 

In some ducks Congo red given intravenously has been observed to 
stain the amyloid in the liver a reddish brown color. Dahlin ** has shown 
in human cases of amyloidosis that this dye may give either positive or 
negative results. 

SUMMARY 


Amyloid-like material appeared spontaneously in the liver, spleen and 
adrenal of white Pekin ducks. It was present in 23 of 30 untreated ducks 
over the age of 100 days and appeared in a number of others used for a 
variety of experiments. Birds with this condition also exhibited Zenker- 
like necrosis in striated muscle. The amyloid was usually located ad- 
jacent to visceral reticulin fibers and appeared to have been formed 
locally. 

It was thought initially that the amyloid formation was related in 
some way to the administration of methylcholanthrene and tobacco con- 
densate. Recent studies, however, showed that untreated ducks spon- 
taneously developed the condition with aging. Birds used in this study 
were obtained from the same hatchery and had developed normally until 
the earliest manifestations of amyloidosis, characterized by weakness, 
edema of the feet, and ascites. 
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LEGENDS FOR FIGURES 


Except where indicated, photomicrographs were prepared from sections stained 
with hematoxylin and eosin. 


Fic. 1. The liver is enlarged and its capsule thick and fibrous. Amyloid has replaced 
the parenchyma. 


Fic. 2. Hepatic cells and many of the sinusoids have been replaced by amyloid. 
X 400. 

Fic. 3. The hepatic reticulin is thick where amyloid has replaced the liver cells. 
Gomori’s methenamine silver stain. X 855. 


Fic. 4. The lumen of a hepatic vein is narrowed as a result of a proliferation of 
fibroblasts within its wall. The hepatic cords are replaced by amyloid. Wilder’s 
reticulum stain. X 360. 


Fic. 5. Amyloid appears in the wall of a small splenic artery and in focal areas of 
the pulp. Wilder’s reticulum stain. x 180. 
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Fic. 6. The stroma surrounding the acini in the cortex of the adrenal is thickened due to the pres- 
ence of amyloid. X 320. 


Fic. 7. The reticulin surrounding the acini in the cortex of the adrenal is thickened. A zone of 
amyloid is adjacent to the reticulin, as in the liver shown in figure 3. Gomori stain. 712. 


Fic. 8. A renal glomerulus is infiltrated with amyloid. x 1,440. 
Fic. 9. The wall of one renal arteriole is infiltrated with amyloid. X 320. 


Fic. 10. Amyloid has infiltrated the wall of some of the thyroid acini. x 140. 
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